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Description 

rackground of the invention 

5 Field of the Invention 

[0001] The present invention relates to microbeads of a crosslinked porous polymeric material and methods for 
preparing such microbeads. In particular, this invention is directed to a polymeric microbead of exceptionally high 
porosity. 

10 

Description of the Prior Art 

[0002] Crosslinked, homogeneous, porous polymeric materials are disclosed in U.S. Patent No. 4,522,953 (Barby 
et at., issued June 11,1 985). The disclosed polymeric materials are produced by polymerization of water-in-oil emul- 
15 sions having a relatively high ratio of water to oil. These emulsions are termed "high internal phase emulsions 0 and 
are known in the art as "HIPEs“. HIPEs comprise an oil continuous phase including a monomer and a crosslinking 
agent and an aqueous discontinuous phase. Such emulsions are prepared by subjecting the combined oil and water 
phases to agitation in the presence of an emulsifier. Polymers are produced from the resultant emulsion by heating. 
The polymers are then washed to remove any unpolymerized monomer/crosslinker. 

20 [0003] The disclosed porous polymers have rigid structures containing cavities interconnected by pores In the cavity 

~ walls. By choosing appropriate component and process conditions, HIPE polymers with void volumes of 80% or more 
can be achieved. These materials thus have a very high capacity for absorbing and retaining liquids. 

[0004] Various modifications of HIPE polymers have been described. For instance, U.S. Patent No. 4,536,521 (Haq, 
issued August 20, 1 985) discloses that HIPE polymers can be sulfonated to produce a sulfonated polymeric material 
25 that exhibits a high capacity for absorption of ionic solutions. Other functionalized HIPE polymers prepared by a similar 
process have been disclosed in U.S. Patent Nos. 4,611,014 (Jomes et al., issued September 9, 1986) and 4,612,334 

(Jones etal., September 16, 1986). ' . . _ ■ ’ 

[0005] Although the existence of polymerizable HIPEs is known, the preparation of useful HIPE polymers is not 
without its difficulties. Because the emulsions used to produce these polymers have a high ratio of water to oil, the 
30 emulsions tend to be unstable. Selection of the appropriate monomer/crosslinker concentration, emulsifier and emul- 
sifier concentration, temperature, and agitation conditions are all important to forming a stable emulsion. Slight changes 
in any of these variables can cause the emulsion to "break" or separate into distinct oil and water phases. Furthermore, 
emulsion components and process conditions that produce a stable emulsion may not always yield HIPE polymers 
that are useful for their intended purpose. 

35 [0006] In addition to these problems, the costs associated with scaling up production of HIPE polymers have pre- 

vented commercial development of HIPE polymer-based products. Processes for large-scale production of HIPE pol- 
ymers are known. For instance, U.S. Patent No. 5,149,720. (DesMarais et al., issued September 22, 1992) discloses 
a continuous process for preparing HIPEs that are suitable for polymerization into absorbent polymers. In addition, . a 
method that facilitates such continuous processes by reducing the curing time of monomers In a HIPE is set forth In 
40 LLS. Patent No. 5,252.619 (Brownscombe et al., issued October 12, 1993). Large-scale production of HIPE polymers 
by such known processes, however, has been hampered by the lack of a cost-efficient means of removing the unpo- 
lymerized emulsion components from the polymers. 

[0007] All prior art processes for making HIPE polymers produce a block of polymeric material the size and shape 
of the vessel used for polymerization. The problem with producing HIPE polymers in block form is that it Is very difficult 
45 to wash unpolymerized emulsion components out of a block of low density, highly absorbent material. The attempted 
solution to this problem has been to grind the blocks into particles, but this approach is unsatisfactory because both 
the drying and milling processes are costly, and there is a limit to the size of the particles produced by milling. For 
many applications, the removal of residual emulsion components is essential. Yet, to date, no cost-efficient method for 
performing this wash step has been developed. 

so [0008] An additional problem with prior art HIPE polymeric blocks is that the blocks have a skin that forms at the 
interface between the HIPE and the container used for polymerization. (U.S. Patent No. 4,522,953, Barby et al., Issued 
June 11, 1985, at column 4, lines 1-6). To produce a permeable block, and hence, to produce a useful product, the 
skin must be removed. Ideally, one would like to be able to produce a polymeric material having the desirable charac- 
teristics of HIPE polymers but lacking the skin. 

55 

SUMMARY OF THE INVENTION 

[0009] The present invention includes a material as disclosed in claim 1 . Optional features of the claimed products 
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are disclosed in dependent claims 2, 46, S 4 \ , 52 and 53. These microbeads have a porous, crosslinked, polymeric 
structure, characterized by cavities joined by interconnecting pores. At least some of the cavities at the interior of each 
microbead communicate with the surface - of the microbead. 

[0010] The present invention also includes a process as disclosed in claim 3. Optional features of the claimed process 
5 are disclosed in dependent claims 4 to 45 and 49. The The first step of this process is to combine an oil continuous 
phase (hereinafter an "oil phase") with an aqueous discontinuous phase to form an emulsion. The oil phase of the 
emulsion includes a substantially water-insoluble, monofunctional monomer, a substantially water-insoluble, polyfunc- 
tional crosslinking agent, and an emulsifier.that is suitable forfomning a stable water-in-oil emulsion. The second step 
of the process is to add the emulsion to an aqueous suspension medium to form an oil-in-water suspension of dispersed 
io emulsion droplets. The final step of this process is polymerizing the emulsion droplets to form microbeads. 

[0011] In one embodiment, a polymerization initiator is present in both the aqueous discontinuous phase! of the HIPE 
and the aqueous suspension medium. A polymerization initiator can optionally be included in the oil phase as well. In 
a variation of this embodiment, the oil phase includes styrene as the monomer, divinylbenzene as the crosslinking 
agent, and sorbitan monooleate as the emulsifier. In addition, the oil phase contains the oil-soluble polymerization 
15 initiator azoisobisbutyronitrile as well as dodecane, which promotes the formation of interconnecting pores. The aque- 
ous discontinuous phase includes the water-soluble polymerization initiator potassium persulfate. The aqueous sus- 
pension medium includes a suspending agent comprising modified silica and gelatin as well as potassium persulfate. 
In another embodiment, polymerization initiator is present only in the oil phase. 

[0012] The present invention also encompasses microbeads that have been modified for use in particular applica- 
nt? tions. In particular, the present invention includes microbeads functionalized for absorption of liquids; carboniferous „ 
structures produced from microbeads and a process for producing such structures; and microbeads having a gel or 
pre-gel within the microbead cavities as well as a process for producing such microbeads. 

[001 3] f n addition, the present invention includes the use of microbeads in a variety of applications including the use 
of microbeads as a substrate in separation and synthetic methods; the use of microbeads as a substrate for immobilizing 
25 a molecule such as a polypeptide or an oligonucleotide; and the use of microbeads in cell culture methods, as disclosed 
in claims 47,48 and 50. 

DETAILED DESCRIPTION OF THE INVENTION 
30 The Microbeads 

[0014] The present invention includes a crosslinked porous polymeric material, termed “microbeads", wherein at 
least about 10% of the microbeads are substantially spherical and or substantially ellipsoidal. The present invention 
also includes a process for making such a material. A microbead is typically produced by suspension polymerization 
35 of a high internal phase emulsion, termed a “HIPE". The microbead of the present invention thus has many of the 
desirable physical characteristics of prior art HIPE polymers (such as those disclosed in U.S. Patent No. 4,522,953, 
Barby et al., issued June 11 , 1985. Specifically, the microbead has a very low density due to the presence of cavities 
joined by interconnecting pores. The bulk density of a batch of microbeads in accordance with the present invention 
is typically less than about 0.2 gm/ml. The void volume of the microbead is high, at least 70% and, preferably at least 
40 90%. This high porosity givesJhe microbead exceptional absorbency. Furthermore, because the interconnectedness 

of the cavities in the microbead allows liquids to flow through the microbead, the microbead provides an excellent 
substrate for use in biotechnology applications such as, for example, chromatographic separation of proteins and 
peptide synthesis. 

[0015] The average diameter of the microbead typically ranges from 5 pm to 5 mm. Preferred average diameters 
45 range from 50 pm to 500 pm. This small size facilitates efficient washing of the microbead to remove residual unpo- 
lymerized emulsion components. Also, the process of the present invention can be used to produce microbeads of a 
relatively uniform size and shape, which allows the wash conditions to be optimized to ensure that each microbead in 
a batch has been thoroughly washed. Thus, the microbead, unlike the prior art HIPE blocks, can be washed with relative 
ease. This feature of the present invention facilitates cost-efficient scale-up of HIPE polymer production: 
so [0016] An additional feature of the microbead is that the microbead is "skinless" such that some interior cavities and 
pores communicate with the surface of the microbead. Thus, the microbead offers the advantage over prior art HIPE 
polymers that a porous polymeric material can be produced directly upon polymerization, obviating the need for a skin- 
removal step. 

[0017] The high porosity of the microbead renders it useful as an absorbent material and also as a solid support in 
55 a variety of biotechnology applications, including chromatographic separations, solid phase synthesis, immobilization 
of antibodies or enzymes, and cell culture. Moreover, many of the physical characteristics of the microbead, such as 
void volume and cavity size, are. controllable. Therefore, different types ot microbeads, specialized for different uses, 
can be produced. A description of the general process for producing the microbead is presented below, followed by a 
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discussion of modifications for producing specialized microbeads. 

Definitions 

5 [0018] The term "microbeads" refers to a crosslinked porous polymeric material wherein at least 1 0% of this material 

consists of substantially spherical and/or substantially ellipsoidal beads. Preferably at least 20% and more preferably 
at least 50% of this material consists of substantially spherical and/or substantially ellipsoidal beads. 

[0019] As applied to the components of a HIPE, the phrase "substantially water-insoluble" indicates that any com- . 
ponent present in the aqueous phase is present at such a low concentration that polymerization of aqueous monomer 
io is less than 5 weight percent of polymerizable monomer. 

[0020] As used herein, the term "bulk density" refers to the value obtained by dividing the weight of a known volume 
of microbeads by that volume. 

[0021] As used herein, the term “void volume" refers to the volume of a microbead that does not comprise polymeric 
material. In other words, the void volume of a microbead comprises the total volume of the cavities. Void volume is 
is expressed either as a percentage of the total microbead volume or as a volume per gram of microbead material (cc/gm). 
[0022] As used herein, the term "cavity size", refers to the average diameter of the cavities present in a microbead. 
[0023] As used herein, the term "porogen" refers to an organic compound that, when included in the oil phase of a 
HIPE, promotes the formation of pores connecting the cavities in a microbead: 

[0024] The abbreviation "DVB" refers to "divinylbenzene"; the abbreviation "AIBN" refers to "azolsobisbutyronitrile"; 
20 and the abbreviation "PVA“ refers to "poty(vinyl alcohol)", which is produced by hydrolysis of poly(vinyl acetate). 

Microbead Production 

[0025] The microbeads of the present invention are conveniently produced from a HIPE, which comprises an emul- 
25 sion of an aqueous discontinuous phase in an oil phase. Once formed, the HIPE is added to an aqueous suspension 
medium to form a suspension of HIPE microdroplets in the suspension medium. Polymerization then converts the liquid 
HIPE microdroplets to solid microbeads. 

[0026] In one embodiment, a polymerization initiator is present in both the aqueous discontinuous phase of the HIPE 
and the aqueous suspension medium. A polymerization initiator can optionally be included in the oil phase as well. In 
30 another embodiment, polymerization initiator is present only in the oil phase. 

Microbead Production Using an Aqueous Phase Polymerization Initiator 

Components of the High Internal Phase Emulsion 

35 

[0027] The relative amounts of the two HIPE phases are, among other parameters, important determinants of the 
physical properties of the microbead. In particular, the percentage of the aqueous discontinuous phase affects void 
volume, density, cavity size, and surface area. For the emulsions used to produce preferred microbeads, the percentage 
of aqueous discontinuous phase is generally in the range of 70% to 98%, more preferably 75% to 95%, and most 
40 preferably 80% to 90%. , _ 

[0028] The oil phase of the emulsion comprises a monomer, a crosslinking agent, and an emulsifier that is suitable 
for forming a stable water-in-oil emulsion. The monomer component does not differ from that of prior art Hi PE polymers 
and can be any substantially water-insoluble, monofunctional monomer. In one embodiment, the monomer type is a 
styrene-based monomer, such as styrene, 4 -methylstyrene, 4-ethylstyrene, chloromethylstyrene, 4-t-BOC-hydroxysty- 
45 rene. The monomer component can be a single monomer type or a mixture of types. The monomer component is 
typically present in a concentration of 5% to 90% by weight of the; oil phase. The concentration of the monomer com- 
ponent is preferably 15% to 50% of the oil phase, more preferably, 16% to 38%. 

[0029] The crosslinking agent can be selected from a wide variety of substantially water-insoluble, polyfunctional 
monomers. Preferably, the crosslinking agent is difunctional. Suitable cross-linking agents do not differ from those of 
so the prior art and include divinyl aromatic compounds, such as divinylbenzene (DVB). Other types of cross-linking 
agents,. such as di- or triacrylic compounds and triallyl Isocyanurate, can also be employed. The crosslinking agent 
can be a single crosslinker type or a mixture of types. The crosslinking agent is generally present in a concentration 
of 1% to 90% by weight of the oil phase. Preferably, the concentration of the crosslinking agent Is 15% to 50% of the 
oil phase. More preferably, the concentration is 1 6% to 38%. 

55 [0030] In addition to a monomer and a crosslinking agent, the oil phase comprises an emulsifier that promotes the 

formation of a stable emulsion. The emulsifier can be any nonionic, cationic, anionic, or amphoteric emulsifier or com- 
bination of emulsifiers that promotes the formation of a stable emulsion. Suitable emulsifiers do not differ from those 
of the prior art and include sorbitan fatty acid esters, polyglycerol fatty acid esters, and polyoxyethylene fatty acids and 
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esters. In one embodiment, the emulsifier is sorbitan monooleate (sold as SPAN 80). The emulsifier is generally present 
at a concentration of 4% to 50% by weight of the oil phase. Preferably, the concentration of the emulsifier is. 10% to 
* 25% of the oil phase. More preferably, the concentration is 15% to 20%. 

[0031] In a variation of a first embodiment, the oil phase also contains an oil-soluble polymerization initiator and a 
s porogen. The initiator can be any oil-soluble initiator that permits the formation of a stable emulsion, such as an azo 
initiator. A preferred initiator is azoisobisbutyronitrile (AIBN). The initiator can be present in a concentration of up to 
about 5 weight percent of total polymerizable monomer (monomer component plus crossiinking agent) in the oil phase. 
The concentration of the initiator is preferably 0.5 to 1 .5 weight percent of total polymerizable monomer, more preferably, 

1 .2 weight percent. 

io [0032] The porogen of the present invention can be any nonpolymerizing organic compound or combination of com- 
pounds that permits the formation of a stabie emulsion, provided that the compound is a good solvent for the monomers 
employed, but a poor solvent for the polymer produced. Suitable porogens include dodecane, toluene, cyclohexanol, 
n-heptane, isooctane, and petroleum ether. A preferred porogen is dodecane. The porogen is generally present in a 
concentration of 10 to 60 weight percent of the oil phase. The porogen concentration affects the size and number of 
is pores connecting the cavities in the microbead. Specifically, increasing the porogen concentration increases the size 
! and numbeV of interconnecting pores; while decreasing the porogen concentration decreases the size and number of 
pores. Preferably, the porogen concentration is 25 to 40 weight percent of the oil phase. More preferably, the concen- 
tration is 30 to 35 weight percent. 

[0033] In the first embodiment, the aqueous discontinuous phase of a HIPE generally comprises a water-soluble 
20 polymerization initiator. The initiator can be any suitable water-soluble initiator. Such initiators are well known and 
include peroxide compounds such as sodium, potassium, and ammonium persulfates; sodium peracetate; sodium 
percarbonate and the like. A preferred initiator is potassium persulfate. The initiator can be present in a concentration 
of up to 5 weight percent of the aqueous discontinuous phase. Preferably, the concentration of the initiator is 0.5 to 2 
weight percent of the aqueous discontinuous phase. 

25 

Components of the Aqueous Suspension Medium 

[0034] After formation of a HIPE by a process described in greater detail below, the HIPE is added to an aqueous 
suspension medium to form an oil-in-water suspension. The aqueous suspension medium comprises a suspending 
so agent and, in the first embodiment, a water-soluble polymerization initiator. The suspending agent can be any agent 
or combination of agents that promotes the formation of a stable suspension of HIPE microdroplets. Typical droplet 
stabilizers for oil-in-water suspensions include water-soluble polymers such as gelatin, natural gums, cellulose, and 
cellulose derivatives (e.g., hydroxyethylcellulose) polyvinylpyrrolidone and poly(vinyl alcohol) (PVA). PVA suitable for 
use as the suspending agent is produced by partial (85-92%) hydrolysis of polyvinyl acetate. Also used are finely- 
35 divided, water-insoluble inorganic solids, such as clay, silica, alumina, and zirconia. Two or more different suspending 
agents can be combined. Indeed, in one embodiment, the suspending agent is a combination of gelatin or PVA (88% 
hydrolysis) and modified clay or silica particles. 

[0035] Modified inorganic solid particles are produced by treating the particles with an agent that increases the hy- 
drophobicity of the particles, thus improving the ability of the particles to stabilize the suspension. In one embodiment, 
40 the inorganic solid particles are modified by treating them with a surfactant, such as asphaltene, in the presence of a 

suitable organic solvent. Suitable organic solvents include toluene, heptane, and a mixture of the two. The relative 
concentrations of the inorganic solid and asphaltene can be varied to produce modified inorganic solids of varying 
hydrophobicities. One measure of particle hydrophobicity is "contact angle", which reflects how far a particle penetrates 
into a water phase at an oil-water interface. A contact angle of 90° indicates that the particle resides half in the oil 
45 phase and half in the water phase. A contact angle of less than 90° indicates that the particle penetrates further into 

the water phase, i.e., is more hydrophilic. In the present invention, the hydrophobicity of the inorganic solid particles 
is adjusted so that the particles promote the formation of a stable suspension. In a preferred variation of this embodi- 
ment, the contact angle of the modified inorganic solid particles is about 65°. 

[0036] The suspending agent can be present in the aqueous suspension medium in any concentration that promotes 
so the formation of a stable suspension, typically about 0.1 to about 1 0 weight percent of the aqueous suspension medium. 
For a preferred combination of suspending agents, a stable suspension is obtained with a PVA concentration of 0.5% 
to 5% and a inorganic solid concentration of 0.05 to 0.3% by weight of the aqueous suspension medium. 

[0037] In addition to a suspending agent, the aqueous suspension medium contains a water-soluble polymerization 
initiator in the first embodiment of the present invention. The presence of an initiator in the suspension medium, as 
55 well as in the HIPE microdroplets, accelerates the polymerization reaction. Generally, rapid polymerization is desirable 
because of the tendency of the suspension to break down over time. 

[0038] The initiator can be any suitable water-soluble initiator such as those described above for the aqueous dis- 
continuous phase of the HIPE. In a preferred variation of this embodiment, the initiator is potassium persulfate, present 
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In the suspension medium at a concentration of up to 5 weight percent. More preferably, the concentration of the initiator 
is 0.5% to 2% by weight of the aqueous suspension medium. 

Production of a High Internal Phase Emulsion 

5 

[0039] The first step In the production of a HIPE-based microbead is the formation of a high interna) phase emulsion. 
A HIPE can be prepared by any of the prior art methods, such as, for example, that disclosed in U.S. Patent No. 
4,522,953 (Barby eta!., issued June 11 , 1985). Briefly, a HIPE Is formed by combining the oil and aqueous discontinuous 
phases while subjecting the combination to shear agitation. Generally, a mixing or agitation device such as a pin impeller 
io is used. 

[0040] The extent and duration of shear agitation must be sufficient to form a stable emulsion. As shear agitation is 
inversely related to cavity size, the agitation can be increased or decreased to obtain a microbead with smaller or larger 
cavities, respectively. In one embodiment, a HIPE is prepared using a Gifford-Wood Hbmogenizer-Mixer(Model 1-LV), 
set at 1400 rpm. At this mixing speed, the HIPE is produced in approximately 5 minutes. In another embodiment, a 
is HIPE is prepared using an air-powered version of the above mixer (Model 1-LAV), with air pressure set at 5-10 psi for 
approximately 5-1 0 minutes. The HIPE can be formed in a batchwise or a continuous process, such as that disclosed 
in U.S. Patent No. 5,149,720 (DesMarais et al., issued September 22, 1992). 

Production of a HIPE Microdroplet Suspension 

20 

[0041] Gnce formed, the HIPE is added to the aqueous suspension medium. The HIPE must be added to the sus- 
pension medium in an amount and at a rate suitable for forming a suspension of HIPE microdroplets. 

[0042] As the HIPE is added, the suspension is subjected to sufficient shear agitation to form a stable suspension. 
To ensure that the microbeads produced are relatively uniform in size, the mixing device used should provide a relatively 
25 uniform distribution of agitation force throughout the suspension. As shear agitation is inversely related to microdroplet 
size, the agitation can be increased or decreased to obtain smaller or larger HIPE microdroplets, respectively. In this 
manner, one can control the size of the microbead produced upon polymerization. 

[0043] To produce a stable microdroplet suspension in a 22 liter spherical reactor having baffles or indents, for ex- 
ample, the HIPE is added to the suspension medium dropwise at a flow rate of up to about 500 ml/minute until the 
30 suspension comprises up to about 50% HIPE. Agitation can range from about 50 to about 500 rpm when a propeller- 
or paddle-style impeller with a diameter of approximately 1.5 to*3 inches is used. In one embodiment, the HIPE is 
added to the suspension medium in the 22 liter reactor at a flow rate of 20 ml/minute until the suspension comprises 
about 10% HIPE. Agitation of this mixture at about 250 rpm, followed by polymerization, yields microbeads with an 
average diameter ranging from 1 00 to 1 60 pm. 

35 - 

Polymerization of HIPE Microdroplets 

[0044] Once a stable suspension of HIPE microdroplets is obtained, the temperature of the aqueous suspension 
medium is increased above ambient temperature, and polymerization is initiated. Polymerization conditions vary de- 
40 pending upon the composition of the HjPE. For example, the r monomer or monomer mixture and the polymerization 
initiator(s) are particularly important determinants of polymerization temperature. Furthermore, the conditions must be 
selected such that a stable suspension can be maintained for the length of time necessary for polymerization. The 
determination of a suitable polymerization temperature for a given HIPE is within the level of skill In the art. In general, 
the temperature of the HIPE suspension should not be elevated above 85°C because high temperatures can 'cause 
45 the suspension to break. Preferably, when AIBN is the oil-soluble initiator and potassium persulfate is the water-soluble 
initiator, styrene monomers are polymerized by maintaining the suspension at 60°C overnight (approximately 1 8 hours). 

Washing of the Microbead 

so [0045] The polymerization step converts a HIPE microdroplet to a solid microbead. As discussed above, this mi- 
crobead is generally washed to remove any residual, unpolymerized components of the HIPE or the suspension me- 
dium. The microbead can be washed with any liquid that can solubilize the residual components without affecting the 
stability of the microbead. More than one cycle of washing may be required. Preferably, the microbead is washed five 
times with water, followed by acetone extraction for roughly a day in a Soxhlet extractor. The microbead can then be 
55 dried in any conventional manner. Preferably, the microbead is air-dried for two days or is dried under vacuum at 50°C 
overnight. The resultant microbeads typically have a bulk density of less than 0.1 0 gm/ml. 



6 




EP 0 764 047 B1 



Microbead Production Using an Oil-Phase Initiator 
Microbead Components 

5 [0046] In a second embodiment, a polymeric microbead can be produced by a method wherein the polymerization 

initiator is present in the oil phase instead of the aqueous phase. Suitable initiators for this embodiment include oil- 
soluble initiators, such as AIBN, benzoyl peroxide, lauroyl peroxide, VAZO-type initiators (such as 1 ,1 '-azobis(cyclohex- 
anecarbonitrile, which is sold as VAZO catalyst 88 by Aldrich, Milwaukee, Wl), and the like. 

[0047] In this embodiment, sufficient initiator is added to the oil phase to initiate a free radical reaction. Appropriate 
to initiator concentrations for a given microbead preparation can readily be determined by one skilled in the art. Typically, 
the initiator is present in a concentration of up to 5 weight percent of total polymerizable monomer (monomer component 
plus crosslinking agent) in the oil phase. The concentration of the initiator is preferably 0.5 to 3.0 weight percent of 
total polymerizable monomer, more preferably, about 2.2 weight percent. 

[0046] In addition, the second embodiment requires the use of a stabilizer capable of forming a boundary between 
is the aqueous discontinuous phase of the HI PE and the aqueous suspension medium where these two aqueous media 
interface in the microdroplet suspension. This phenomenon is analogous to the situation in soap bubbles where a 
boundary formed by detergent molecules separates air on the inside of the bubble from outside air. The stabilizer 
reduces water loss from the HIPE microdroplets and helps prevent microdroplet coalescence. 

[0049] In general, the stabilizer should be a film forming compound that is soluble in organic solvents and sufficiently 
20 hydrophilic to stabilize the interface between the aqueous discontinuous phase of the HIPE and the aqueous suspen- 
sion medium. These characteristics are found in a variety of natural and synthetic polymers that can serve as stabilizers 
in this embodiment, including cellulose derivatives, such as methyl cellulose and ethyl cellulose, and PVA (less than 
70% hydrolysis). Other suitable stabilizers can be determined empirically by those skilled in the art in accordance with 
the teachings herein. Preferably, the stabilizer comprises ethyl cellulose. 

25 [0050] The stabilizer concentration must be sufficient to reduce water.loss from the HIPE microdroplets and reduce 

microdroplet coalescence. Optimal concentrations vary with HIPE composition and are determined empirically. Suitable 
stabilizer concentrations typically range from about 0.01% to about 15% by weight of the oil phase. Higher stabilizer 
concentrations can be employed; however, at concentrations above 15%, the stabilizer is difficult to wash out of the 
polymerized microbeads. Preferably, the stabilizer concentration is 0.1% to 1% of the oil phase, more preferably, 0.2% 
so to 0.6%; 

[0051] If the stabilizer is not soluble in the oil phase, the stabilizer is typically dissolved in an inert solvent, and the 
resulting solution is added to the oil phase of the HIPE. In addition to solubilizing the stabilizer, the inert solvent acts 
as a porogen. The inert solvent can be any solvent that is capable of solubilizing the stabilizer and that is miscible in 
the oil phase of the HIPE. Examples of inert solvents useful in the second embodiment include trichloroethane, toluene, 
35 chloroform, and other halogenated solvents, and the like. 

[0052] Sufficient inert solvent is added to the stabilizer to increase the solubility of the stabilizer to allow mixing of 
the stabilizer with the oil phase. The inert solvent concentration varies with the stabilizer and oil phase employed, and 
the determination of a suitable type and concentration of inert solvent to facilitate the mixing of a particular stabilizer 
with a given oil phase is within the level of skill in the art. Typically, the inert solvent concentration ranges from 3% to 

40 60% by weight of the oil phase and, more preferably, from 1 0% to 40%. 

[0053] Suitable concentrations of monomer, crosslinking agent, and emulsifier are essentially as described above," 
except that the concentrations of any of these components can be reduced to accommodate the inclusion of the oil- 
soluble polymerization initiator, stabilizer, and the inert solvent in the oil phase. Thus, typical concentration ranges for 
these components in the second embodiment are as follows: 

45 



Component 


Concentration (weight % of HIPE) 


Monomer 


4-90 


Crosslinker 


1-89 


Emulsifier 


3-50 



Preferred concentrations for each of these components are the same as discussed above for the first embodiment. In 
addition, a porogen can optionally be included in the oil phase, as described above for the first embodiment. If a porogen 
is included, the concentrations of monomer, crosslinking agent, and/or emulsifier can be reduced. . 

55 [0054] The aqueous discontinuous phase and the aqueous suspension medium of the second embodiment differ 

from those of the first embodiment in that the aqueous discontinuous phase and aqueous suspension medium of the 
second embodiment do not include a polymerization initiator. In a variation of the second embodiment, the aqueous 
discontinuous phase consists essentially of water. The aqueous suspension medium of this embodiment comprises a 
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suspending agent that can be any agent or combination of agents that promotes the formation of a stable suspension 
of HIPE microdroplets. Examples of suitable suspending agents are discussed above. Natural gums, such as, for 
example, acacia gum (commercially available from Aldrich Chemical Co., Milwaukee, Wl), are preferred. The suspend- 
ing agent can be present in any concentration that promotes the formation of a stable suspension, typically 1% to 30% 
5 by weight of the aqueous suspension medium. Preferably, the suspending agent concentration is between 2% to 15%. 

Microbead Preparation 

[0055] To prepare microbeads according to the second embodiment, an oil phase is prepared by combining the oil* 
io soluble polymerization initiator, stabilizer, and inert solvent with monomer, crosslinking agent, and emulsifier. A HiPE 
is formed by combining the oil and aqueous discontinuous phases while subjecting the combination to sufficient shear 
agitation to form a stable emulsion, as described above. Once formed, the HIPE is added to the aqueous suspension 
medium in an amount and at a rate suitable for forming a suspension of HIPE microdroplets. As the HIPE is added, 
the suspension is subjected to shear agitation as described above. 
is [0056] After obtaining a stable suspension, polymerization is initiated by raising the temperature. As explained above, 
polymerization conditions vary depending upon the composition of the HIPE, and the determination of suitable condi- 
tions for a given HIPE is within the level of skill in the art. When lauroyl peroxide is the initiator, for example, polymer- 
ization is conveniently carried out for 20 hours at 50°C. 

20 Modifications of the Microbead 

[0057] The microbead is useful for a variety of applications, notably, as an absorbent material and also as a solid 
support in biotechnology applications. A microbead-based absorbent can be used, for example, to transport solvents, 
to absorb body fluids, and as an adhesive microcarrier. Biotechnology applications include chromatographic separa- 
25 tions, solid phase synthesis, immobilization of antibodies or enzymes, and microbial and mammalian cell culture. The 
basic microbead can be modified in a variety of ways to produce microbeads that are specialized for particular appli- 
cations. 

Functionalization of the Microbead for Absorption of Acids 
30 

[0058] A wide variety of ionic and polar functional groups can be added to the microbead to produce a polymeric 
microbead that can absorb large quantities of acidic liquids. Such microbeads generally have a greater capacity to 
absorb aqueous and/or organic acids compared with their capacity for the neutral oil methyl oleate. In particular, the 
ratio of aqueous and/or organic acid to methyl oleate absorption is generally greater than 1.2. A preferred starting 
35 material for producing such a microbead is a microbead that is crosslinked from 1% to 50% and has a void volume of 
greater than 70% in its solvent swollen state. 

[0059] The functionalized microbead comprises the structural unit: ... 



40. t 




I 

45 Z 

in which A represents a crosslinked carbon chain, Y is an optional spacer group, and Z is an ionic or polar functional 
group. Z is selected from an amino or substituted amino group and an alkyl cationic ammonium group having eight or 
so more carbon atoms (hereinafter "a higher alkyl") or an alkyl cationic quaternary ammonium group of 8 carbons or less 
in the presence of an organic counterion having 8 or more carbon atoms. The functionalized microbead can comprise 
a single type of such structural units or a combination of different types. 

[0060] In a preferred embodiment, Z is selected from ionic or polar functional groups of structures 1-3: 

55 
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10 

in which Rj, R 3 , R 4 , R 5 , and Rg can be the same or different and are selected from an alkyl, cycloalkyl, aryl, and 
hydroxyalkyl. Alternatively, R 2 and R a can form part of a ring system. When 2 is a cationic quaternary ammonium group 
(3), R 4 , R 5 , Rg are preferably selected such that the number of carbons present in R 4 +R 5 +Rg is 10 or more. When Z 
is an amine salt group (2), R 4 and R 5 are preferably selected such that the number of carbons present in R 4 +R 5 is 8 
15 or more. 

[0061] The counterion X* for the cationic quaternary ammonium group (3) or the an amine salt group (2) is an organic 
or inorganic ion. The counterion for higher alkyl cationic groups is an inorganic species such as chloride, sulfate, or 
nitrate. Alternatively, the counterion is a long or short chain organic species such as acetate or oleate. 

[0062] In another embodiment, R 4 , R 5 , and Rg are lower alkyl groups such that the number of carbons present in 
20 R 4 +Rg+Rg is less than 10 for a cationic quaternary ammonium group (3) and the number of carbons present in R 4 +R 5 
is less than 8 for an amine salt (2). In this embodiment, the counterion X - is preferably an organic group having 8 or 
„ more carbons, such as oleate. For a cationic quaternary ammonium group (3), X‘ can also be OH*. 

[0063] The amount of solvent absorbed by the functionalized microbead increases with number of ionic or polar 
functional groups present, provided the level of crosslinking does not exceed approximately 15-20%. Above this level 
25 of crosslinking, the amount of liquid absorbed becomes much less sensitive to the degree of substitution since liquid 
uptake is then dependent on the mobility of the solvated polymer chains. The level of crosslinking is controlled by 
. altering the relative concentrations of monomer and crosslinker. Preferably, the level of crosslinking is in the range of 
2% to 10%. The degree of functionalization is generally greater than 30%, preferably greater than 50%, and most 
preferably greater than 70%. 

30 [0064] Functionalized microbeads are produced by the same methods that are used for producing functionalized 

HIPE polymers. Suitable methods are well known and are disclosed, for example, in U.S. Patent No. 4,611 ,014 (Jomes 
et al., issued September 9, 1986). Briefly, the functionalized microbead is generally prepared Indirectly by chemical 
modification of a preformed microbead bearing a reactive group such as bromo or chloromethyl. 

[0065] A microbead suitable for subsequent chemical modification can be prepared by polymerization of monomers 
35 such as chloromethylstyrene or 4-t-BOC-hydroxystyrene. Other suitable monomers are styrene, a-methylstyrene, or 
other substituted styrene or vinyl aromatic monomers that, after polymerization, can be chloromethylated to produce 
a reactive microbead intermediate that can be subsequently converted to a functionalized microbead. 

[0066] Monomers that do not bear reactive groups (including the crosslinking agent) can be incorporated into the 
microbead at levels up to 20% or more. To produce HIPE-based microbeads, however, such monomers must permit. 
46 the formation of a stable HIPE. The concentration of the reactive rnonomer should generally be sufficiently high to 
ensure that the functionalized microbead generated after chemical modification bears ionic or polar functional groups 
on a minimum of 30% of the monomer residues. 

[0067] Chemical modification of the reactive microbead intermediate is carried out by a variety of conventional meth- 
ods. Preferred exemplary methods for producing amine-, amine salt-, and cationic quaternary ammonium-functional- 
45 jzed microbeads are described in detail in Examples 2 to 4, respectively. 

[0068] In another embodiment, microbeads bearing ionic or polar groups can be prepared directly by emulsification 
and polymerization of an appropriate substantially water-insoluble monomer. 



Functionalization of the Microbead for Absorption of Aqueous Solutions 
so 

[0069] By selecting different polar or ionic functional groups, the microbead can be functionalized to produce a mi- 
crobead that absorbs large quantities of aqueous solutions and that also acts as an ion exchange resin. The capacity 
of these microbeads to absorb a 10% sodium chloride solution is such that the ratio of 10% sodium chloride to water 
absorption is generally greater than 0.1 , preferably greater than 0.5, and most preferably greater than 0.7. 

55 [0070] The microbead functionalized for aqueous absorption comprises the structural unit: 
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2 



in which A is a crosslinked carbon chain, Y is an optional spacer group, and Z is an ionic or polar functional group. Z 
io is selected from an alkyl cationic ammonium group having ten carbon atoms or less, an ^Ikyl amine salt having eight 
carbon atoms or less, an alkoxylate, a metal or ammonium or substituted ammonium salt of a sulfuric, carboxylic, 
phosphoric, or sulfonic acid group, provided that where Z is a sulfonic acid, Y does not have the structure: 



is 



20 




whenm® 0 



The functionalized microbead can comprise a single type of such structural units or a combination of different types. 
[0071] In a preferred embodiment, Z is selected from ionic or polar functional groups of structures 1-2: 



30 



■V R 2X- 

-N-R3 

Xr 4 






(i) (*) 

35 

in which R 2 , R 3 , and R 4 can be the same or different and are selected from an alkyl, cycloalkyl, aryl, and hydroxyalkyl. 
Alternatively, R 2 and R 3 form part of a ring system. When Z is a cationic quaternary ammonium group (1), R 2 , R 3 , R 4 
are preferably selected such that the number of carbons present in R 2 +R 3 +R 4 is less than 1 0. When Z is an amine salt 
group (2), R 2 and R 3 are preferably selected such that the number of carbons present in R 2 +R 3 is less than 8. 

40 [0072] The counterion X* for the cationic quaternary ammonium group (1 ) orthe amine salt group (2) is an inorganic 

species such as chloride, sulfate, or nitrate. Alternatively, the counterion can be a carboxylate species having less than 
8 carbon atoms, such as acetate or lactate. For a cationic quaternary ammoniupi group (1), X - can also be OH*. 
[0073] In one embodiment, Z is an alkoxylated chain of the type: 



45 

— ( OCH 3 CH ) OCH*B , 

so 

where p is 1 to 680, and 
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B = CH-OH or COOM or CH-OSO.M 

I I 

Rs Rj 



and where R 5 is a hydrogen or an alkyl group and M is a metal, an ammonium, or a substituted ammonium cation. 
io Especially preferred is Rg= hydrogen, B = CHgOH, and p<20. 

[0074] Methods for adding the above-described functional groups to HIPE polymers are disclosed in U.S. Patent No. 
4,61 2,334 (Jones et al., September 16,1 986). Microbeads functionalized for aqueous absorption are produced by the 
same methods that are used for producing the corresponding functionalized HIPE polymers. Suitable methods are the 
same as those described above for producing microbeads functionalized for acid absorption for functional groups of 
is the same basic type (e.g., amine salts). 

[0075] In particular, suitable monomers for producing a reactive microbead intermediate that can be functionalized 
for absorption of aqueous solutions include chloromethylstyrene, n-butyl methacrylate, t-butyl acrylate, 2-ethylhexyl 
acrylate, or other appropriate acrylate or methacrylate esters. Additionally, monomers such as styrene, a-methylsty- 
rene, or other substituted styrenes or vinyl aromatic monomers can be polymerized and then chloromethylated, sul- 
20 fonated, nitrated, or otherwise activated to produce a reactive microbead intermediate which can be subsequently 
converted to a functionalized microbead. Preferred exemplary methods for producing amine salt-, cationic quaternary 
ammonium-, alkoxylate, and sulfonate salt-functionalized microbeads are described in detail in Examples 5 to 8, re- 
spectively. 

25 Production of a Stable Carbon Structure from the Microbead 

[0076] A microbead can be converted to a porous carboniferous material that retains the original structure of ml- 
crobead cavities and interconnecting pores. This material is useful, for example, as a sorption or filtration medium and 
as a solid support in a variety of biotechnology applications (described further in the next section). In addition, the 
30 carboniferous microbead can be used as an electrode material in batteries and super-capacitors. Battery electrode 
materials preferably have a large lattice spacing, such as that of the microbead. A large lattice spacing reduces or 
eliminates lattice expansion and contraction during battery operation, extending battery cycle lifetimes. Super-capac- 
itors require highly conductive electrodes. The microbead is ideally suited for this application because the intercon- 
nectedness of the microbead renders it highly conductive. 

35 [0077] To produce a carboniferous microbead, a stable microbead is heated in an inert atmosphere as disclosed for 

HIPE polymers in U.S. Patent No. 4,775,655 (Edwards et al., issued October 4, 1 988). The ability of the microbead to 
withstandthis heat treatment varies depending on the monomer or monomers used. Some monomers, such as styrene- 
based monomers, yield microbeads that must be stabilized against depolymerization during heating. 

[0078] The modification required to stabilize such microbeads can take many forms. Microbead components and 
4 ? - • process conditions can^be selected to achieve a high level of cross-linking or to include chemical entities that reduce 
or prevent depolymerization under the heating conditions employed. Suitable stabilizing chemical entitles include the 
halogens; sulfonates; and chloromethyl, methoxy, nitro, and cyano groups. For maximum thermal stability, the level of 
cross-linking is preferably greater than 20% and the degree of any other chemical modification is at least 50%. Stabi- 
lizing entities can be introduced into the microbead after its formation or by selection of appropriately modified mono- 
45 mens. 

[0079] Once stabilized, the microbead is heated in an inert atmosphere to a temperature of at least 500°C. To reduce 
the stabilizer content of the final carboniferous structure, the temperature should generally be raised to at least about 
1200°C. A preferred exemplary method for producing a stable carbon structure from the microbead is described in 
detail in Example 9. 
so 

Production of a Microbead for Use as a Substrate 

[0080] Many chromatographic and chemical synthesis techniques employ a substrate. In chromatographic separa- 
tions, components of a solution are separated based on the ability of such components to interact with chemical groups 
55 linked to the substrate surface. In solid phase synthesis, the substrate serves as a platform to which a growing molecule, 

such as a polypeptide, is anchored. 

[0081] Both processes can be carried out in a batchwise or continuous manner. In batchwise processes, the substrate 
is contained in a vessel, and solutions comprising components to be separated or reactants are sequentially added 
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and removed by filtration and washing. Alternatively, in continuous or semicontinuous processes, the substrate is con- 
tained in a column and solutions are sequentially passed through the column. 

. [0082] The microbead is uniquely suited for use in such systems because the microbead provides a rigid framework 
that ensures open channels for liquid flow and permits solution components or reactants to diffuse in and out of the 
5 microbead. If desired for a particular application, the microbead can be functionalized by providing chemical groups 
at the microbead surface that interact directly with components or reactants In a solution. Alternatively, the chemical 
groups at the microbead surface can serve as anchors for other reactive species, such as catalysts, enzymes, or 
antibodies. 

[0083] The following sections describe.the use of the microbead in chromatography and solid phase synthesis and 
io discuss, as exemplary, the functionalization of the microbead for use in ion-exchange chromatography and peptide 
synthesis. The discussions of these two applications are intended to be illustrative and do not limit the invention in any 
way. Variations of these applications will be readily apparent to one skilled in the art and are included within the scope 
of the invention. 

is Functionalization of the Microbead for Use in Chromatography 

[0084] The microbead is useful as a substrate in a variety of chromatographic techniques, including ion-exchange, 
gel filtration, adsorption, and affinity chromatography. 

[0085] In ion-exchange chromatography, the components of a mixture are separated in the basis of differences in 
20 net charge. Substrates that separate cations, termed "cation-exchange resins", are characterized by the presence of 
negatively charged groups. Conversely, substrates that separate anions, termed "anion-exchange resins", are char- 
acterized by the presence of positively charged groups. A component that binds to an anion-exchange resin, for in- 
stance, is typically released from the resin by increasing the Ph of the 'column buffer or adding anions that compete 
with the component for binding to the column. Such a component elutes from the column ahead of components having 
25 a higher net negative charge and behind components having a lower net negative charge. 

[0086] Cation-exchange resins can be produced from microbeads by providing acidic groups on the microbead sur- 
faces. Suitable groups include the strongly acidic sulfonate group as well as the weakly acidic carboxylate, carboxyme- 
thyl, phosphate, sulfomethyl, sulfoethyl, and sulfopropyl groups. Anion-exchange resins can be produced from mi- 
crobeads by functionalizing the microbeads with basic groups ranging from the strongly basic quaternary ammoniums 
30 to weakly basic groups such as the aminoethyl, diethyaminoethyl, guanidoethyl, and epichlorhydrintriethanolamine 
groups. 

[0087] Acidic or basic groups can be added to a preformed microbead as described above for functionalization of 
the microbead for absorption of acidic and aqueous solutions or by any other conventional method. Alternatively, a 
microbead bearing such groups can be prepared directly by polymerization of an appropriate monomer. 

35 [0088] Regardless of the preparation method, the microbead functionalized for chromatography generally has a void 

volume of at least 70% and a cavity size of up to 50 pm. Preferably microbead has a void volume of 70% to 80%. This 
combination of features ensures rapid uptake of fluids, with relatively unobstructed flow through the microbead. 
[0089] The capacity of the microbead substrate can be increased by adding a gel to the microbead according to the 
methods disclosed in U.S. Patent No. 4,965,289 (Sherrington, issued October 23, 1990). As discussed further in the 
40 next section, the gel is formed in or added to the microbead cavities and is linked to the microbead surface. The gel 
bears either acidic or basic groups, depending on whether the microbead substrate is to serve as an anion-exchange 
resin or a cation-exchange resin, respectively. 

Functionalization of the Microbead for Use in Solid Phase Synthesis 

45 

[0090] The microbead is functionalized for use in solid phase synthesis by providing chemical groups linked to the 
microbead surfaces. The chemical groups are selected to interact with one of the reactants involved in the synthesis. 
Based on the chemical group selected, microbead substrates can be specialized for chemical syntheses of species 
as diverse as peptides, olignucleotides, and oligosaccharides. Methods for adding appropriate chemical groups to 
so functionalize the microbead for use in such syntheses do not differ from methods previously described for prior art 
HIPEs and other polymers. 

[0091] A microbead can be functionalized for peptide synthesis, for instance, as disclosed for HIPE polymers in U. 
S. Patent No. 4,965,289 (Sherrington, issued October 23, 1990). Briefly, a microbead is prepared such that the void 
volume is at least 70% and the cavity size is up to 50 p.m. The microbead is preferably sufficiently cross-linked so that 
55 the microbead does not swell to more.than twice its dry volume during use. 

[0092] The chemical group linked to the microbead surface can be any group that binds to the first reactant in the 
synthesis. In peptide synthesis, for instance, the chemical group is any group that binds the first amino acid of the 
peptide to be produced. The chemical group should be selected such -that the chemical group binds at a position on 
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the amino acid other than the amine group. Typically, the chemical group comprises an aminethat reacts with. the 
carboxyl group of the first amino acid. 

[0093] Chemical groups can be added to a preformed microbead or, alternatively, a microbead bearing chemical 
groups can be prepared directly by emulsification and polymerization of an appropriate substantially water-insoluble 
5 monomer. If desired, chemical groups can be further modified to provide spacer groups that interact with the first amino 
acid of the peptide. 

[0094] Peptide synthesis is initiated by binding the first amino acid to suitable chemical groups on the microbead 
surface. The amine groups of the amino acid reactants are generally protected, and thus chain elongation occurs by 
alternating rounds of deprotection and coupling of amino acids. The process is terminated by detachment of the peptide 
io from the substrate, after which the peptide is typically purified. 

[0095] The capacity of the microbead substrate can be increased by adding a gel to the microbead according to the 
methods disclosed in U.S. Patent No. 4,965,289 (Sherrington, issued October 23, 1 990). Briefly, a suitable microbead 
is prepared as described above, and a gel or pre-gel is deposited and retained within the microbead cavities. The gel 
is generally a highly solvent-swollen, cross-linked gel and can, for example, be a soft deformable polyamide gel. For 
is synthetic applications, the gel is generally adapted to interact with a reactant in the synthesis. The ratio of swollen gel 
to porous material can range from 60:40 to 95:5 (weight:weight) and is more preferably from 75:25 to 95:5. The most 
preferred ratio is about 80:20. 

[0096] The gel can be deposited and retained in the pre-formed microbead by any of the prior art methods for pro- 
ducing gel-filled HiPE polymers, such as those disclosed in U.S. Patent No. 4,965,289 (Sherrington, issued October 
20 23, 1990), for example. In one embodiment, the gel is formed from pre-gel materials within the microbead cavities. 

Most preferably, the gel is retained or anchored in the microbead cavities during gel formation. The gel can be retained 
by chain entanglement and/or interpenetration between the gel and the microbead surfaces. In addition, the gel can 
be retained by a process that is believed to involve chemical binding between the gel and the microbead surfaces. 
Combinations of the above mechanisms are also possible. 

25 [0097] In one embodiment, the microbead is contacted with a solution comprising pre-gel components and a swelling 

solvent for the microbead. As the pre-gel components permeate the microbead and begin to form a gel, the microbead 
swells, entrapping portions of the forming gel by polymer chain interpenetration between the swollen polymeric material 
of the microbead and the forming gel. Suitable swelling solvents depend on the nature of the microbead polymer and 
can be readily determined by one skilled in the art. The details of a preferred exemplary method for producing a gel- 
30 filled microbead by polymer chain entanglement are set forth in Example 10. 

[0098] In another embodiment, retention by chemical bonding can be achieved by reacting the gel or pre-gel com- 
ponents with anchor groups on the microbead. Suitable gel anchor groups do not differ from those known in the art, 
including groups that have double bonds available for interaction with a gel or pre-gel components. Such anchor groups 
can be introduced into the microbead by modification after microbead formation or by selection of appropriately modified 
35 monomers. 

[0099] For example, a gel-filled microbead can be produced by reacting an arpino methyl-functionalized microbead 
with acryloyl chloride to produce an acrylated microbead ; Upon heating in the presence of pre-gel components to 
initiate gel polymerization, the double bonds of the acrylate group are believed to interact with the forming gel, resulting 
in covalent linkage of the gel to the microbead. When an acrylated microbead is employed, suitable pre-gel monomers 
40 include, for example, acryloyl tyramine acetate andacryldyl.sarcosine methyl ester. As discussed above, anchor groups 
can be introduced into the microbead by modification after microbead formation or by selection of appropriately modified 
monomers! 

Use of the Microbead for Immobilizing Molecules 
45 

[0100] The microbead can be used as a substrate for a wide variety of molecules including polypeptides and oligo- 
nucleotides. The microbead is particularly useful for immobilizing antibodies, lectins, enzymes, and haptens. Methods 
for attaching such molecules to polymeric substrates are well known. (See, e.g., Tijssen, P. Laboratory Techniques in 
Biochemistry and Molecular Biology; Practice and Theories of Enzyme Immunoassays New York: Elsevier (1985), at 
so pages 298-314.) Several such methods are briefly described below. The methods are described as exemplary and are 
not intended to be limiting, as one skilled in the art can readily determine how to use or modify these prior art methods 
to attach a molecule of interest to the microbead. 

[0101] A polypeptide can be attached to the microbead via non-covalent adsorption or by covalent bonding. Non- 
covalent adsorption is generally attributed to nonspecific hydrophobic interactions and is independent of. the nett charge 
55 of the polypeptide. A polypeptide is attached to the microbead by treating the microbead with a buffer solution containing 

the polypeptide. Suitable buffers include 50 Mm carbonate, pH 9.6; 1 0 mM Tris-HCL, pH 8.5, containing 1 00 mM sodium 
chloride; and phosphate buffered saline. Polypeptide concentration is generally between 1 and 10 pg/ml. The mi- 
crobead is typically incubated in this solution overnight at 4°C in a humid chamber. Polypeptide adsorption levels can 
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be increased by partial denaturation of the polypeptide, for example, by exposing the polypeptide to high temperature, 
low pH (e.g., 2.5), or denaturants (e.g., urea). 

, [0102] A number of different methods are available for the covalent attachment of polypeptides to the microbead. 
Conveniently, a polypeptide having a free amino group can be attached to a styrene-based microbead, for example, 
s by treating.the microbead with glutaraldehyde at low pH. The polypeptide is then added and the pH of the solution is 
increased to between 8.0 and 9.5 with 100 mM carbonate. The increase in pH increases the reactivity of the glutaral- 
dehyde which binds the polypeptide to the microbead surface. Ethylchjoroformate can be substituted for or used in 
combination with glutaraldehyde in the above procedure. 

[0103] Alternatively, the microbeads can be functionalized for covalent attachment of polypeptides. Such a microbead 
io provides anchor groups that bind to the polypeptide of interest. Suitable anchor groups for attaching polypeptides to 
polymers are well known and include hydrazide groups, alkylamine groups, and Sanger's reagent. Anchor groups can 
be introduced into the microbead by modification after microbead formation or by selection of appropriately modified 
monomers. 

[0104] In addition, a polypeptide can be attached to the microbead via a bridging molecule. This method of attachment 
is js useful for polypeptides that bind poorly to the microbead. Such polypeptides are conjugated to a bridging molecule 
' that has a high affinity for plastic, such as, for example, bovine serum albumin (BSA). To attach a polypeptide to a 
microbead via a BSA bridge, BSA is added to the microbead, and then the polypeptide is conjugated to the immobilized 
BSA using a conventional crosslinker such as a carbodiimide. 

[0105] In another embodiment, the microbead serves as a substrate for an oligonucleotide. Conveniently, the oligo- 
20 nucleotide can be adsorbed to a microbead by treating the microbead with a polycationic substance such as methylated 
BSA, poly-L-lysine, or protamine sulfate. When the latter is used, the microbead is typically treated for about 90 minutes 
with a 1% aqueous solution of protamine. sulfate, followed by several distilled water washes. The microbead is then 
allowed to dry. An oligonucleotide is adsorbed onto the treated microbead by adding the oligonucleotide to the mi- 
crobead at a concentration of about 10 ^ig/ml in a buffer such as 50 mM Tris-HCI, pH 7.5, containing 10 mM ethylen- 
25 ediaminetetraacetic acid (EDTA) and 10 mM ethylene glycol-bis(p-amino ethyl ether) N,N,N\N'-tetracetic acid (EGTA). 
Generally, a treatment time of 60 minutes provides suitable results. 

Use of the Microbead in High Density Cell Culture 

30 [0106] In addition to the above applications, the microbead is also useful in cell culture. High density cell culture 

generally requires that cells be fed by continuous perfusion with growth medium. Suspension cultures satisfy this 
requirement, however, shear effects limit aeration at high cell concentration. The.microbead protects cells from these 
shear effects and can be used in conventional stirred or airlift bioreactors. 

[0107] To prepare a microbead for use in culturing eukaryotic or prokaryotic cells, the microbead is generally sterilized 
35 by any of the many well-known sterilization methods. Suitable methods include irradiation, ethylene oxide treatment, 
and, preferably, autoclaving. Sterile microbeads are then placed in a culture vessel with the growth medium suitable 
for the cells to be cultured. Suitable growth media are well known and do not differ from prior art growth media for 
suspension cultures. An inoculum of cells is added and the culture is maintained under conditions suitable for cell 
attachment to the microbeads. The culture volume is then generally increased, and the culture is maintained in the 
40 same manner as prior art suspension cultures. . 

[0108] Microbeads can be used in cell culture without modification, however, the microbeads can also be modified 
to improve cell attachment, growth, and the production of specific proteins. For instance, a variety of bridging molecules 
can be used to attach cells to the microbeads. Suitable bridging molecules include antibodies, lectins, glutaraldehyde, 
and poly-L-lysine. In addition, sulfonation of microbeads, as described above, increases cell attachment rates. Example 
45 ii illustrates the use sulfonated microbeads in an exemplary mammalian cell culture. 

[0109] This invention is further illustrated by the following specific but non-limiting examples. Procedures that are 
constructively reduced to practice are described in the present tense, and procedures that have been carried out in 
the laboratory are set forth in the past tense. 

so EXAMPLE! 

A. Microbead Production Using Aqueous- and Oil-Phase Initiators 

[0110] Exemplary preferred microbeads were prepared according to the following protocol. The final concentration 
55 of each component of the HIPE and the aqueous suspension medium is shown in Table 1 , Study 4. Table 1 also shows 
studies in which the following protocol was varied as indicated. The results of these studies are set forth in Table 2. 

1. Prepare an oil phase by combining 11.37 gm styrene-based monomer, 11.25 gm DVB, 8.00 gm span 80, 0.27 
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gm AIBN; and 15.00 gm dodecane with stirring at room temperature. 

2. Prepare an aqueous discontinuous phase by adding 0.78 gm potassium persulfate to 94.3 ml of distilled water. 

3. Stir the oil phase at approximately-1'400rpm; and then add the aqueous discontinuous phase to the oil phase 
at a flow rate of 20 ml/minute. Stir the combined phases at 1400 rpm for approximately 5*10 minutes to form a 

5 stable HIPE. 

4. Prepare an aqueous suspension medium by combining 2 gm potassium persulfate. and 3 gm.of Kaolintte day 
(Georgia Kaolin Co., Inc.) with 1 liter of distilled water. Stir the mixture at 700 rpm for about 15 minutes, and then 
adjust the stirring speed to 250 rpm. 

5. Add the HIPE to the aqueous suspension medium dropwise at a flow rate of 15 ml/minute in a 22 liter Lurex 

io reactor (Model no. LX6214-1008) until the suspension reaches about 20% HIPE. 

6. To form microbeads, polymerize the suspension by raising the temperature to 60°C overnight (approximately 
18 hours) while stirring at 250 rpm. 

7. Wash the resultant microbeads five times with water and then perform acetone extraction in a Soxhlet extractor 
for about a day. Allow the microbeads to air-dry overnight: The bulk density of the resultant material Is 0.055 gm/ 

15 ml of dried microbeads. 

B. Microbead Production Using an Oil-Phase Initiator 

[0111] Exemplary preferred microbeads were prepared according to the following alternative protocol. The final con* 
20 centration of each component of the HIPE and the aqueous suspension medium is shown in Table 3, Study 7. Table 
3 also shows studies in which the following protocol was varied as indicated. The results of these studies are set forth 
in Table 4. 

1 . In a 1 liter beaker, prepare an oil phase by dissolving 0.4 gm ethyl cellulose in 30 gmtrichloroethane, and adding 

25 20 gm styrene-based monomer, 19.5 gm DVB, 22 gm span 80, and 0.9 gm lauroyl peroxide. Mix the components 

by stirring at room temperature. 

2. Place the beaker under a Gifford-Wood Homogenlzer-Mixer (Model 1-LV; commercially available from Greerco, 
Hudson, NH) and stir at 1 800 to 4800 rpm while slowly adding 850 gm deionized water to form a HIPE. 

3. In a 2 liter glass cylinder reactor (from Ace Glass, Vineland, NJ), prepare an aqueous suspension medium by 

30 combining 120 gm acacia gum with 800 gm of deionized water. While stirring at 100 rpm, heat the mixture to 

60-70°C for approximately 15 minutes, and then cool the mixture to about 40°C. 

4. Add the HIPE to the aqueous suspension medium dropwise at a flow rate of approximately 200 ml/minute. 

5. Adjust the mixing speed to between 10 rpm and 300 rpm, depending on the desired bead size. * 

6. To form microbeads, polymerize the suspension by raising the temperature to 45°C for approximately 20 hours 

35 under constant stirring. 

7. Wash the resultant microbeads five times with water and then perform an acetone extraction followed by a 
methanol extraction in a Soxhiet extractor for approximately 18 hours each. Allow the microbeads to air-dry over- 
night. 

40 



45 



so 



55 
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Microbead yield for each experiment was 75-85%. 
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Table 4. 



Properties of Microbeads from Table 3 Studies 


No. 


Approximate Bulk Density (g/ml) 


Microbead Size* Range (jim) 


1 


0.15 


100-200 


2 


0.12 


80-200 


3 


0.14 


150-400 


4‘ 


0.13 


50-150 


5 


0.15 


50-150 


6 


0.09 


100-300 


7 


0.10. 


30-150 | 



* Microbead yield for each experiment was approximately 65-95%. 



EXAMPLE 2 

Functionalization of Microbeads for Absorption of Acids Using Amine Groups _ 

[0112). Diethylamine-functionalized microbeads are produced from chloromethylstyrene micro beads prepared as de- 
scribed in Example 1 . The microbeads are air-dried overnight and Soxhlet extracted for 15 hours with 200 ml hexane 
to remove residual unpolymerized components. 5 gm of microbeads are then refluxed with 1 50 ml aqueous diethylamine 
for 20 hours. The resultant diethylamine-functionalized microbeads are 85% substituted and have a capacity of 1.5 
mM/gm. 1 gm of this material absorbs 20 ml of 1 N sulfuric acid. 

EXAMPLE 3 

Functionalization of Microbeads for Absorption of Acids Using Amine Salts 

[01 13) To produce a dihexylammonium salt, dihexylamine-functionalized microbeads are prepared as described 
above in Example 3 for diethylamine-functionalized microbeads. 1 gm dihexylamine-functionalized mlcrobeads are 
then added to 100 ml methanolic HCI and stirred for 30 minutes. The counterion of the resultant salt is chloride. The 
dihexylammonium chloride-functionalized microbeads are collected by filtration, washed with 3 times with 50 ml meth- 
anol, and air-dried overnight. The resultant microbeads are 70% substituted. " 

EXAMPLE 4 

Functionalization of Microbeads for Absorption of Acids Using Quaternary Ammonium Groups 

[0114J To produce a dimethyldecylammonium salt, chloromethylstyrene microbeads are prepared as described in 
Example 1. The microbeads are air-dried overnight and Soxhlet extracted with hexane to remove residual unpolym- 
erized components. 1 gm microbeads are then filled under vacuum with a 1 0-fold molar excess of ethanoiic amine and 
refluxed for 7 hours. The counterion of the resultant salt is chloride. The dimethyldecylammonium chloride-functional- 
ized microbeads are collected by filtration, washed twice with 50 ml ethanol and twice with 50 ml methanol, and then 
air-dried overnight. The resultant microbeads are 70% substituted. 

EXAMPLE 5 

Functionalization of Microbeads for Absorption of Aqueous Solutions Using Amine Salts 

[0115) To produce a dimethylammonium salt, diethylamine-functionalized microbeads are prepared as described in 
Example 3. The microbeads are air-dried overnight and Soxhlet extracted with hexane to remove residual unpolym- 
erized components. 1 gm microbeads are then added to 100 ml methanolic HCI and stirred for 30 minutes. The coun- 
terion of the resultant salt is chloride. The diethylamine chloride-functionalized microbeads are 85% substituted. 
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EXAMPLE 6 

• Functionalization of Microbeads for Absorption of Aqueous Solutions Using Quaternary Ammonium Groups 

s [0116] To produce a dimethyldecylammonium salt, chloromethylstyrene microbeads prepared as described in Ex- 
ample 1 . The microbeads are air-dried overnight and Soxhlet extracted with hexane to remove residual unpolymerized 
components. 1 gm microbe8ds are then treated with 1 00 ml aqueous amine for 30 minutes. The resultant dimethylde- 
cylammonium chloride-functionalized microbeads are 85% substituted. 

10 EXAMPLE 7 

Functionalization of Microbeads for Absorption of Aqueous Solutions Using Alkoxylate Groups 

[0117] Ethoxylated microbeads are prepared from chloromethylstyrene microbeads prepared as described in Exam- 
ts pie 1 . The microbeads are air-dried overnight and Soxhlet extracted with hexane to remove residual unpolymerized 
components. 1 gm microbeads are then treated with 100 ml of the anionic form of a polyethylene glycol (PEG) containing 
8-9 ethylene glycol monomers in excess PEG as solvent. The reactants are heated at 95°C for 2 hours. The resultant 
ethoxylated microbeads are 90% substituted. 

20 EXAMPLE 8 



Functionalization of Microbeads for Absorption of Aqueous Solutions Using Sulfonate Groups 

[0118] Sulfonate-functionalized microbeads were produced from styrene microbeads prepared as described in Ex- 
25 ample 1. The microbeads were dried under vacuum at 50° C for two days. 10 gm of microbeads were then added to a 
500 ml flask containing a mixture of 200 ml of chloroform and 50 ml of chlorosuffonic acid. The flask is shaken at room 
. temperature for two days. The sulfonate-functionalized microbeads are collected by filtration and washed sequentially 
with 250 ml each of chloroform, methylene chloride, acetone, and methanol. The microbeads are soaked in 300 ml 
10% aqueous sodium hydroxide overnight and then washed with water until the eluate reaches neutral pH. The bulk 
30 density of the resultant material is 0.067 gm/ml of dried microbeads and the capacity is 2.5 mM/gm. 1 gm of this material 
absorbs 23.5 gm of water. 

EXAMPLE 9 

35 Production of Stable Carbon Structures from Chloromethylstyrene Microbeads 

[0119] 3-chloromethylstyrene microbeads are prepared as described in Example 1 such that the level of crosslinking 
is between 20-40% and the void volume is 90%. 1 gm microbeads are then placed in an electrically heated tube furnace, 
and the temperature is increased to 600°C In an oxygen-free nitrogen atmosphere. The rate of heating is generally 
40 maintained below 5°C per minute, andln the rapge of 180°C to 380°C, the.rate of heating does not exceed 2°C per 
minute. After the heating process, the microbeads are cooled to ambient temperature In an inert atmosphere to prevent 
oxidation by air. 

EXAMPLE 10 
45 

Production of Gel-Filled Microbeads for Use as a Substrate for Protein Synthesis 

[01 20] Microbeads with a void volume of 90%, a bulk density of 0.047 gm/ml, an average cavity diameter in the range 
of 1 -50 pm, and which are 1 0% crosslinked are prepared as described in Example 1 . The gel employed is poly(N-(2-(4-ac- 
50 etoxyphenyl)ethyl)-acrylamide). To produce a solution of gel precursors, 2.5 gm of monomer, 0.075 gm of the crosslink- 
ing agent ethylene bis(acrylamide), and 0.1 gm of the initiator AIBN is added to 10 ml of the swelling agent dichlo- 
roethane. The gel precursor solution is then deoxygenated by purging with nitrogen. 

[0121] 0.7 gm of microbeads is added to the gel precursor solution and polymerization is Initiated by heating the 
mixture at 60°C while rotating the sample on a rotary evaporator modified for reflux. The dichloroethane swells the 
55 microbeads, allowing the gel precursors to penetrate the microbead and form a polyamide that becomes interpenetrated 

with the polymer chains of the microbead. After 1 hour, the gel-filled microbeads (hereinafter ."composite") are washed 
with 50 ml dimethyl formamide (DMF) and 50 ml diethyl ether and then vacuum dried. The yield of composite is 2.7 gm. 
[0122] To produce chemical groups within the composite, 0.25 gm of the composite is treated with 50 ml of a 5% 



22 




EP 0 764 047 B1 



solution of hydrazine hydrate in DMF for 5 minutes. This treatment provides free phenolic functionalities within the gel 
matrix that act as chemical groups for peptide synthesis. 

EXAMPLE 11 

5 

Use of Microbeads in High Density Cell Culture 

[01 23] To produce microbeads suitable for mammalian cell culture, sulfonated microbeads are prepared as described 
in Example 8 and are then wetted in a 70% ethanol solution and autoclaved at 121°C for 15 minutes. The microbeads 
io are then washed twice with sterile phosphate-buffered saline and once with complete growth medium. 500 mg of the 
sterile microbeads are placed in a 500 ml roller bottle that has been siliconized to prevent attachment of the cells to 
the bottle. 

[01 24] An inoculum of 5 x 1 0 7 baby hamster kidney cells in 50 ml of growth medium (containing 1 0% fetal calf serum) 
is added to the roller bottle. The inoculum is incubated with the microbeads for 8 hours at 37°C with periodic agitation 
is to allow cell attachment to the microbeads. The culture volume is then increased to 100 ml, and the roller bottle Is 
gassed with an air-CO 2 (95:5) mixture and placed in a roller apparatus. Growth medium is replaced whenever the 
glucose concentration drops below 1 gm/liter. 

[0125] The following preferred embodiments of the present invention are described below: 

20 Porous crosslinked polymeric microbeads are provided with cavities joined by interconnecting pores wherein at 

least some of the cavities at the interior of each microbead communicate with the surface of the microbead and 
wherein approximately 10% of the microbeads are substantially spherical or substantially ellipsoidal or a combi- 
nation thereof, wherein the microbeads have been functionalized such that the functionalized microbeads absorb 
aqueous and/or organic acidic liquids, said functionalized microbeads comprising the structural unit 

25 

— A — 

■ I 

[Y] 

30 j 

z 



in which 

35 

A is a crosslinked carbon chain; n 

Y is an optional spacer group; and 
Z is an ionic or polar functional group; 

40 (embodiment 1). r. - , 

[0126] In the functionalized microbeads of emb. 1 , the ratio of aqueous and/or organic acid absorption by the func- 
tionalized microbeads to methyl oleate absorption is greater than about 1 .2. 

[0127] In the functionalized microbeads of emb. 1 , Z is selected from the group consisting of 
an amino or substituted amino group, 

45 an alkyl cationic quaternary ammonium group having 8 or more carbon atoms, and 

an alkyl cationic quaternary ammonium group of 8 carbon atoms or less in the presence of a counterion that Is an 
organic group containing 8 or more carbon atoms. 

[0128] In the functionalized microbeads of emb. 1 , Z comprises an ionic or polar functional group selected from the 
group consisting of species 1-3: 
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... 


A V H 

— N -NT X- 


-S'* 


5 




R 3 j'* 


I Vr 5 






r 5 


*6 






0) (2) 


(3) 



10 

in which 



R2> ^3 * r 4 » r s» and ^6 can be the same or different and are selected from the group consisting of an alkyl, cycloalkyl, 
aryl, hydroxyalkyl; or Rj and R 3 form part of a ring system; and 

the number of carbons present in R4+R 5 +R 6 is 10 or more for a cationic quaternary ammonium (3); 
the number of carbons present in R4+R5 is 8 or more for an amine salt (2); and 
the counterion X - is an organic or inorganic ion. 



20 



25 



[0129] In the functionalized microbeads of above, the number of carbons present in R 4 +R 5 +R € is less than 10 for a 
cationic quaternary ammonium (3); 

the number of cartons present in R^Rg is less than 8 for an amine salt (2); and 
the counterion X is an organic group having 8 or more carbons. 

[0130] In the functionalized microbeads of emb. 1 , the level of crosslinking is from 1 to 20%: 

[0131] In the functionalized microbeads of emb. 1 , the level of crosslinking is from 2 to 1 0%. 

[0132] in the functionalized microbeads of emb. 1 , the void volume of.the microbeads is greater than 95%. 

[0133] In the functionalized microbeads of emb. 1 , the degree of functionalization is greater than 50%. 



Embodiment 2: 



[0134] Porous crosslinked polymeric microbeads are provided with cavities joined by interconnecting pores wherein 
at least some of the cavities at the interior of each microbead communicate with the surface of the microbead and 
wherein approximately 1 0% of the microbeads are substantially spherical or substantially ellipsoidal or a combination 
thereof, wherein the microbeads have been functionalized such that the functionalized microbeads absorb aqueous 
liquids, said functionalized microbeads comprising the structural unit: 





in which 
45 

A is a crosslinked carbon chain; 

Y is an optional spacer group; and 
Z is an ionic. or polar functional group; 

50 [0135] In the functionalized microbeads of emb. 2, the ratio of 1 0% sodium chloride absorption by the functionalized 

microbeads to water absorption is greater than 0.1 

[0136] In the functionalized microbeads of above, the ratio of 10% sodium chloride absorption to water absorption 
is greater than 0.5. 

[0137] In the functionalized microbeads of above, the ratio of 10% sodium chloride absorption to water absorption 
55 is greater than 0.7. 

[0138] In the functionalized microbeads of emb. 2, Z is selected from the group consisting of 
. an alkyl cationic quaternary ammonium group having 10 carbon atoms or less, 
an alkyl amine salt group having 8 carbon atoms or less; 
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an alkoxylate group; 

a metal, ammonium, or substituted ammonium salt of a sulfuric, carboxylic, phosphoric or sulfonic add group, except 
that where Z is a sulfonic acid, Y does not have the structure: 



5 



10 




(CH 2 )rn 



whenm- 0 



[0139] In the functionalized microbeads of emb. 2, 2 comprises an ionic or polar functional group selected from the 
group consisting of structures 1-2: 



— N-R3 


H X 

— N-R2 




>3 


(1) - 


(2) 



25 In which 

r 2 , r 3 and R 4 can be the same or different and are selected from the group consisting of an alkyl, cycloalkyl, aryl, and 
hydroxyalkyl; or R2 and R 3 form part of a ring system; and 

the number of carbons present in R2+R3+R4 is less than 10 for a cationic quaternary ammonium (1); 
the number of carbons present in R2+R3 is less than 8 for an amine salt (2); and 
30 the counterion X* is an inorganic ion or a carboxylate group having less than 8 carbons. 

[0140] In the functionalized microbeads of emb. 2, Z is an alkoxylate group having the structure 



35 



-<OCH*CH) p -OCH 2 B, 

Rj 




40 

where p is 1 to 680, and 



45 



B » CH-OH or COOM or 

I . 



CH-OSOjM 

k 



50 



55 



and where R 5 is a hydrogen or an alkyl group, and M is a metal, an ammonium, or a substituted ammonium cation. 
. [0141] In the functionalized microbeads of emb. 2, the level of crosslinking is from 1 to 20%. 

[0142] In the functionalized microbeads of emb. 2, the level of crosslinking is from 2 to 10%. 

[0143] In the functionalized microbeads of emb. 2, the void volume of the microbeads is greater than 95%. 

[0144] In the functionalized microbeads of emb. 2, the degree of functionalization is greater than 50%. 
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Embodiment 3 : 

. [0145] Porous crosslinked polymeric microbeads are provided with cavities joined by interconnecting pores wherein 
at least some of the cavities at the interior of each microbead communicate with the surface of the microbead and 
5 wherein approximately 1 0% of the microbeads are substantially spherical or substantially ellipsoidal or a combination 
thereof, wherein the microbeads have a carboniferous structure. 

[0146] In the carboniferous microbeads of emb. 3, the microbeads have a void volume of at least 90% and a dry 
density of less than 0,25 gm/cc. 

io Embodiment 4 

[0147] is a separation method comprising 

(i) passing a solution having at least two components through porous, crosslinked polymeric microbeads having 

is cavities joined by interconnecting pores, wherein a chemical group that preferentially interacts with one of the two 

components is linked to the surface of the microbeads; and 

(ii) separating the two components from one another. 

[0148] In the method of emb. 4, the separation method is ion-exchange chromatography. 

20 [0149] In the method of emb. 4, the chemical group is bound to the surface of the microbeads. 

[0150] In the method of emb. 4, the chemical group is bound to a gel or pre-gel within the cavities of the microbeads. 

Embodiment 5 

25 [0151] is a method comprising passing a solution including a reactant through porous, crosslinked polymeric mi- 

crobeads having cavities joined by interconnecting pores, wherein a chemical group that interacts with the reactant is 
linked to the surface of the microbeads and wherein the chemical group is bound to the surface of the microbeads. 
[0152] In the method of above, the chemical group is bound to a gel of pre-gel within the cavities of the microbeads. 

30 Embodiment 6 : 

[0153] Porous crosslinked polymeric microbeads are provided with cavities joined by interconnecting pores wherein 
at least some of the cavities at the interior of each microbead communicate with the surface of the microbead and 
wherein approximately 10% of the microbeads are substantially spherical or substantially ellipsoidal or a combination 
35 thereof, wherein the microbeads additionnally comprise a gel or pre-gel within the cavities of the microbeads, wherein 
the gel or pre-gel comprises a chemical group that interacts with a chemical entity selected from the group consisting 
of a component of a solution and a reactant in a chemical synthesis. 

[0154] In the microbeads of emb. 6, the cavity size is in the range of 1 to 1 00 pm in diameter. 

[0155] In the microbeads of emb. 6, the microbeads are crosslinked such that, in the presence of liquid, microbead 
40 swelling does not exceed approximately two times the microbead dry volume. 

[0156] In the microbeads of emb. 6, the ratio by weight of swollen gel to microbeads lies in the range of 60:40 to 95:5. 

Embodiment 7 

45 [01 57] is a process for producing microbeads having a gel or pre-gel comprising 

(a) producing porous, crosslinked polymeric microbeads having cavities joined by interconnecting pores and 

(b) depositing and retaining a gel or pre-gel in the microbead cavities; 

so wherein step (b) comprises contacting the microbeads with a solution comprising pre-gel components and a swelling 
solvent for the microbeads for a time sufficient to allow the pre-gel components to permeate the swollen microbeads 
and form a gel within the microbead cavities. 

Embodiment 8: 

55 

[01 58] Porous crosslinked polymeric microbeads are provided with cavities joined by interconnecting pores wherein 
at least some of the cavities at the interior of each microbead communicate with the surface of the microbead and 
wherein approximately 10% of the microbeads are substantially spherical or substantially ellipsoidal or a combination 
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thereof, wherein a molecule selected from the group consisting of a polypeptide and an oligonucleotide is attached to 
the surface of the microbeads. 

[01 59] In the microbeads of emb. 8, the molecule is a polypeptide selected from the group consisting of an antibody, 
a lectin, an enzyme, and a hapten. 

[01 60] In the microbeads of emb. 8, the molecule is attached to the surface of the microbeads by a type of attachment 
selected from the group consisting of non-covalent adsorption, covalent bonding, and attachment via a bridging mol- 
ecule. 



Claims ' 

1 : Porous crosslinked polymeric microbeads having cavities joined by interconnecting pores wherein at least some 
. of the cavities at the interior of each microbead communicate with the surface of the microbead, wherein the 
microbeads have a void volume of at least 70%, and wherein at least 10% of the microbeads are substantially 
spherical or substantially ellipsoidal or a combination thereof. 

2. The microbeads of Claim 1 wherein the microbeads have an average diameter in the range of 5 pm to 5 mm. 

3. A process for producing porous, crosslinked polymeric microbeads comprising 

(a) combining 

(i) a continuous oil phase comprising 

(1) a substantially water-insoluble, monofunctional monomer, 

(2) a substantially water-insoluble, polyfunctional crosslinking agent; and 

(3) an emulsifier that is suitable for forming a stable water-in-oil emulsion; and 

(ii) an aqueous discontinuous phase to form an emulsion, wherein the emulsion comprises at least 70% 
aqueous discontinuous phase; 

(b) adding the emulsion to an aqueous suspension medium to form an oil-in-water suspension of dispersed 
emulsion droplets; and 

(c) wherein (i) the aqueous suspension medium comprises a suspending agent and a water-soluble polymer- 
ization initiator, or wherein (ii) the oil phase comprises an oil-soluble polymerization initiator and a stabilizer, 
wherein the stabilizer is a film-forming compound to stabilize the interfapp between the aqueous discontinuous 
phase and the aqueous suspension medium, to polymerize the emulsion droplets, to produce porous 
crosslinked polymeric microbeads having cavities joined by interconnecting pores wherein at least some of 
the cavities at the interior of each microbead communicate with the surface of the microbead, wherein the 
microbeads have a void volumeofat least 70%, and wherein at least 1 0% of the microbeads are substantially 
spherical or substantially ellipsoidal ora combination thereof. 

4. The process of Claim 3 wherein the suspension is stirred while the emulsion droplets are polymerizing. 

5. The process of Claim 3 or 4 wherein the oil phase additionally comprises a porogem 

6. The process of Claim 4 or 5 wherein the aqueous suspension medium comprises a suspending agent and wherein 
the aqueous suspension medium additionally comprises a water-soluble polymerization initiator to polymerize the 
emulsion droplets. 

7. The process of Claim 4 or 5 wherein the oil phase comprises an oil-soluble polymerization initiator and a stabilizer, 
wherein the stabilizer is a film-forming compound to stabilize the interface between the aqueous discontinuous 
phase and the aqueous suspension medium, to polymerize the emulsion droplets. 

8. The process of Claim 6 comprising a water-soluble polymerization initiator in the aqueous suspension medium. 

9. The process of Claim 6 or 8 comprising a water-soluble polymerization initiator in the aqueous discontinuous phase. 
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10. The process of Claim 6, 8 or 9 comprising an oil-soluble polymerization initiator in the oil phase. 

* 11. The process of any of Claims 3-10 wherein the oil phase comprises a styrene-based monomer. 

5 12. The process of any of Claims 3-1 0 wherein the monomer is present in the oil phase at a concentration in the range 

of 5 to 90 weight percent. 

13. The process of any of Claims 3-10 wherein the oil phase comprises a mixture of monofunctional monomers. 

v 

io 14. The process of any of Claims 3-10 wherein the oil phase comprises a crosslinking agent selected from the group 

consisting of a divinylbenzenic compound, a di- or triacrylic compound, and atriallyl isocyanurate. 

15. The process of any of Claims 3-10 wherein the crosslinking agent is present in the oil phase at a concentration in 

the range of 1 to 90 weight percent. 

15 

16. The process of Claim 15 wherein the crosslinkirig agent is present in the oil phase at a concentration in the range 
of 1 5 to 50 weight percent. 

1 7. The process of any of Claims 3-1 0 wherein the oil phase comprises a mixture of polyfunctional crosslinking agents. 

20 

18. The process of any of Claims 3-10 wherein the emulsifier comprises an agent selected from the group consisting 
of a sorbitan fatty acid ester, a polyglycerol fatty acid ester, and a polyoxyethylene fatty acid or ester. 

19. The process of any of Claims 3-1 0 wherein the emulsifier is present in the oil phase at a concentration in the range 

25 of 3 to 50 weight percent. 

20. The process of any of Claims 3-6 and 8-1 0 wherein the water-soluble polymerization initiator is a peroxide mitiator. 

21. The process of any of Claims 3-6 and 8-10 wherein the water-soluble polymerization initiator is present at a con- 
st? centration of up to 5 weight percent. 

22. The process of any of Claims 3-5, 7 and 10 wherein the oil-soluble polymerization initiator is selected from the 
group consisting of an azo initiator and a peroxide initiator. 

35 23. The process of Claim 22 wherein the oil-soluble initiator is selected from the group consisting of AIBN, benzoyl 

peroxide, lauroyl peroxide, and a VAZO initiator. 

24. The process of any of Claims 3-5, 7 or 1 0 wherein the oil-soluble polymerization initiator is present in the oil phase 
at a concentration of up to 5 weight percent of total polymerizable monomer. 

<0 • *■ - ' ^ 

25. The process of any of Claims 5-1 0 wherein the porogen comprises a compound selected from the group consisting 
of dodecane, toluene, cyclohexanol, n-heptane, isooctane, and petroleum ether. 

26. The process of any of Claims 5-10 wherein the porogen is present in the oil phase at a concentration in the range 

45 of 10 to 60 weight percent/ 

27. The process of any of Claims 3-1 0 wherein the oil-in-water suspension comprises an amount of high internal phase 
emulsion suitable for generating a stable suspension. 

so 28. The process of any of Claims 3-6 and 8-10 wherein the suspending agent comprises an agent selected from the 
group consisting of a water-soluble polymer and a water-insoluble inorganic solid. 

29. The process of Claim 28 wherein the suspending agent comprises an agent selected from the group consisting of 
gelatin, a natural gum, and cellulose. 

55 

30. The process of claim 29 wherein the suspending agent is acacia gum. 

31. The process of Claim 28 wherein the suspending agent comprises a finely divided, water-insoluble inorganic solid 
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that has been modified to increase its hydrophobicity. “ . . 

32. The process of Claim 28 wherein the suspending agent is present in the aqueous suspension medium at a con- 
centration of 0.1 to 30 weight percent. 

5 

33. The process of any of Claims 3-10 wherein the suspension is formed by adding the emulsion to the aqueous 
suspension medium while providing sufficient shear agitation to generate a stable suspension. 

34. The process of any of Claims 3-5 and 7 wherein the stabilizer comprises a natural or synthetic polymeric stabilizer. 

10 

35 . The process of Claim 34 wherein the polymeric stabilizer comprises a cellulose derivative. 

36 . The process of Claim 34 wherein the polymeric stabilizer comprises an agent selected from the group consisting 
of methyl cellulose, ethyl cellulose, and partially hydrolyzed poly(vinyl alcohol). 

15 

37 . The process of any of Claims 3-5 and 7 wherein the polymeric stabilizer is present in the oil phase at a concentration 
in the range of 0.01 to 15 weight percent. 

38 . The process of any of Claims 3-5 and 7 wherein the stabilizer is dissolved in an inert solvent before being added 

20 to the oil phase. 

39 . The process of Claim 38 wherein the inert solvent is selected from the group consisting of trichloroethane, toluene, 
and chloroform. 

25 40. The process of any of Claims 3-10 wherein the emulsion comprises 70% to 98% aqueous discontinuous phase. 

41. The process of Claim 40 wherein the emulsion comprises 75% to 95% aqueous discontinuous phase. 

42. The process of Claim 41 wherein the emulsion comprises 80% to 90% aqueous discontinuous phase. 

30 

43. The process of Claim 10 wherein the oil phase comprises: 

(a) styrene as the monomer; 

(b) divinylbenzene as the crosslinking agent; 

35 (c) sorbitan monooleate as the emulsifier; 

(d) dodecane as the porogen; „ 

(e) azoisobisbutyronitrile as the oil-soluble initiator; 
the aqueous discontinuous phase comprises: 

(f) potassium persulfate; 

40 ^ the aqueous suspension medium comprises: 

(g) potassium persulfate as the water-soluble polymerization initiator, and 

(f) the suspending agent comprises an agent selected from the group consisting of gelatin, a natural gum, and 
cellulose. 

45 44. The process of claim 39 wherein the oil phase comprises: 

(a) styrene as the monomer; 

(b) divinylbenzene as the crosslinking agent; 

(c) lauroyl peroxide as the oil-soluble initiator; 

so (d) trichloroethane as the inert solvent; 

. (e) sorbitan monooleate as the emulsifier; and 

(f) ethylcellulose as the polymeric stabilizer; and 

(g) the aqueous discontinuous phase does not contain a polymerization initiator; and 

(h) the suspension medium comprises acacia gum and does not contain a polymerization initiator . 

55 

45. The process of claim 3, further comprising heating the microbeads in an inert atmosphere to a temperature of at 
least 500°C to produce carboniferous microbeads. 
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46. The microbeads of claim 1 , further comprising a chemical group linked to the surface of the microbeads. 

47. Use of microbeads according to claim 46 for separating components by: 

(i) passing a solution having at least two components through the microbeads of claim 46, wherein one of said 
two components preferentially interacts with the chemical group linked to the surface of the microbeads; and 

(ii) separating the two components from one another. 

48. Use of microbeads according to claim 46, comprising passing a solution including a reactant through the mi- 
crobeads of claim 46, wherein said chemical group linked to the surface of the microbeads interacts with said 
reactant. 

49. The process of claim 3, further comprising depositing and retaining a gel or pre-gel In the microbead cavities. 

50. Use of microbeads according to claim 1 , comprising v 

(a) contacting the microbeads of claim 1 with cells, and 

(b) agitating the microbeads. 

51. The microbeads of Claim 1 wherein the bulk density of the microbeads is in the range of less than 0.2 gm/ml. 

52. The microbeads of claim 1 wherein the bulk density of the microbeads is in the range of less than 0.10 gm/ml. 

53. The microbeads of Claim 1 wherein the microbeads have a void volume of at least 90%. 



PatentansprOche 

1. Porose vernetzte polymere Mikrokugelchen mit durch Verbindungsporen verbundenen Hohlraumen, wobei min- 
destens einige der Hohlraume im Inneren jedes Mikrokugelchens mit der Oberflache des Mikrokugelchens in Ver- 
bindung stehen, wobei die Mikrokugelchen ein Hohlraumvolumen von mindestens 70% aufweisen, und wobei 
mindestens 10% der MikrokOgelchen im Wesentlichen sphfirisch Oder im Wesentlichen ellipsoidffirmig Oder eine 
Kombination davon sind.. 

2. Mikrokugelchen nach Anspruch 1 , wobei die Mikrokugelchen einen mittleren Durchmesser in dem Bereich von 5 
pm bis 5 mm aufweisen. 

3. Verfahren-zur Herstellung poroser, vernetzter polymerer Mikrokugelchen, mit den Schritten: 

(a) Vereinigen *- 

(i) einer kontinuierlichen 6lphase, umfassend 

(1) ein im wesentlichen Wasser-unlosliches, monofunktionelles Monomer; 

(2) ein im wesentlichen Wasser-unlosliches, polyfunktionales Vemetzungsmittel; und 

(3) einen Emulgator, der zur Bildung einer stabilen Wasser-in-OI-Emulsion geeignet 1st; und 

(ii) einer wassrigen diskontinuierlichen Phase zur Bildung einer Emulsion, wobei die Emulsion mindestens 
70% wSssrige diskontinuierliche Phase aufweist; 

(b) Zugabe der Emulsion zu einem wassrigen Suspensionsmedium zur Bildung einer Ol-in-Wasser-Suspen- 
sion dispergierter Emulsionstrdpfchen; 

(c) wobei (i) das wSssrige Suspensionsmedium ein Suspensionsmittel und einen wasserloslichen Polymeri- 
sationsinitiator aufweist, Oder wobei (ii) die Olphase einen olloslichen Polymerisationsinitiator und einen Sta- 
bilisator aufweist, wobei der Stabilisator eine Film-bildende Verbindung zur Stabilisierung der Grenzflache 
zwischen der wassrigen diskontinuierlichen Phase und dem wassrigen Suspensionsmedium ist, um die Emul- 
sionstropfchen zu polymerisieren, um porose vernetzte polymere Mikrokugelchen zu erzeugen, welche Hohl- 
raume aufweisen, die durch Verbindungsporen verbunden sind, wobei mindestens einige der Hohlraume im 
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Inneren jedes Mikrokugelchens mlt der OberfISche des MikrokOgelchens in Verbindung stehen, wobei die 
Mikrokugelchen ein Hohlraumvolumen von mindestens 70% aufweisen, und wobei mindestens 10% der Mi- 
krokugelchen im wesentlichen spharisch Oder im wesentlichen ellipsoidformig Oder eine Kombination davon 
sind. 

5 

4. Vertahren nach Anspruch 3 f wobei die Suspension geruhrt wind, wihrend die EmulsionstrSpfchen polymerisieren. 

5. Vertahren nach Anspruch 3 oder 4, wobei die Olphase zusStzlich einen Porenbildner aufweist. 

io 6. Vertahren nach Anspruch 4 Oder 5, wobei das wassrige Suspensionsmedium ein Suspensionsmittel aufweist, und 
wobei das wassrige Suspensionsmedium weiterhin einen wasserloslichen Polymerisatiorisinitiator aufweist, um 
die Emulsionstropfchen zu polymerisieren. 

7. Vertahren nach Anspruch 4 Oder 5, wobei die Olphase einen olloslichen Polymerisationsinitiator und einen Stabi- 

15 iisator aufweist, wobei der Stabilisator eine Film-bildende Verbindung zur Stabiiisierung der GrenzflSche zwischen 

der wassrigen diskontinuierlichen Phase und dem wassrigen Suspensionsmittel ist, um die Emulsionstropfchen 
zu polymerisieren. 

8. Vertahren nach Anspruch 6, umfassend einen wasserloslichen Polymerisationsinitiator in dem wfissrigen Suspen- 
se? sionsmedium. 

9. : Vertahren nach Anspruch 6 oder 8, umfassend einen Wasserloslichen Polymerisationsinitiator in der wfissrigen 

diskontinuierlichen Phase. 

25 io. Vertahren nach Anspruch 6, 8 oder 9, umfassend einen Olloslichen Polymerisationsinitiator in derfilphase. 

11. Vertahren nach einem der Anspruche 3-10, wobei die Olphase ein Monomer auf Styrolbasis aufweist. 

12. Verfahren nach einem der Anspruche 3-10, wobei das Monomer in der Olphase mit einer Konzentration in dem 

30 Bereich von 5 bis 90 Gew.-% vorliegt. 

1 3. Verfahren nach einem der Anspruche 3-1 0, wobei die Olphase ein Gemisch monof unktionaler Monomere aufweist. 

14. Vertahren nach einem der Anspruche 3-10, wobei die Olphase ein Vernetzungsmittel aufweist, ausgewfihlt aus 

35 der Gruppe, bestehend aus einer Divinyibenzol- Verbindung, einer Di- Oder Triacryl-Verbindung und einem Trial- 

lylisocyanurat. , , 

1 5. Verfahren nach einem der Anspruche 3-1 0, wobei das Vernetzungsmittel in der Olphase in einer Konzentration in 
dem Bereich von 1 bis 90 Gew.-% vorliegt. 

40 

16. Vertahren nach Anspruch 15, wobei das Vernetzungsmittel in der Olphase in einer Konzentration in dem Bereich 
von 15 bis 50 Gew.-% vorliegt. 

17. Vertahren nach einem der Anspruche 3-10, wobei die Olphase ein Gemisch polytunktionaler Vernetzungsmittel 

45 aufweist. 

18. Verfahren nach einem der Anspruche 3-10, wobei der Emulgatof ein Mittel aufweist, ausgewfihlt aus der Gruppe, 
bestehend aus einem Sorbitan-Fettsaureester, einem Polyglycero I -Fettsau reester und einer Polyoxyethylen-Fett- 
siure Oder -ester. 

so 

19. Verfahren nach einem der Anspruche 3-10, wobei der Emulgator in der Olphase in einer Konzentration in dem 
Bereich von 3 bis 50 Gew.-% vorliegt. 

20. Verfahren nach einem der Anspruche 3-6 und 8-1 0, wobei der wasserlosliche Polymerisationsinitiator ein Peroxid- 
es Initiator ist. 

21. Verfahren nach einem der Anspruche 3-6 und 8-10, wobei der wasserlosliche Polymerisationsinitiator in einer 
Konzentration von bis zu 5 Gew.-% vorliegt. 
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22. Verfahren nach einem der Anspruche 3*5, 7 und 10, wobei der bllosliche Polymerisationsinftiator aus der Gruppe 
ausgewahlt ist, bestehend aus einem Azo-Initiator und einem Peroxid-lnitiator. 

23. Verfahren nach Anspruch 22, wobei der ollosliche Initiator aus der Gruppe ausgewahlt ist, bestehend aus AIBN, 

5 Benzoylperoxid, Lauroylperoxid und einem VAZO-lnitiator. 

24. Verfahren nach einem der Anspruche 3-5, 7 Oder 10, wobei der ollosliche Polymerisationsinltiator in der Olphase 
in einer Konzentration von bis zu 5 Gew.-% des gesamten polymerlsierbaren Monomers vorliegt. 

io 25. Verfahren nach einem der Anspruche 5-1 0, wobei der Porenbildner eine Verbindung umfasst, ausgewahlt aus der 
Gruppe, bestehend aus Dodecan, Toluol, Cyclohexanol, n-Heptan, Isooctan und Petrolether. 

26. Vetrfahren nach einem der Anspruche 5-10, wobei der Porenbildner in der Olphase in einer Konzentration in dem 
Bereich von 10 bis 60 Gew.-% vorliegt. 

■ 15 

27. Verfahren nach einem der Anspruche 3-10, wobei die 6l-in-Wasser-Suspension einen zur Erzeugung einer sta- 
bilen Suspension geeigneten Anteil einer Emulsion mit groBer innerer Phase umfasst. 

28. Verfahren nach einem der Anspruche 3-6 und 8-10, wobei das Suspensionsmittel ein Mittel umfasst, ausgewahlt 

20 aus der Gruppe, bestehend aus einem wasserloslichen Polymer und einem wasserunloslichen anorganischen 

Feststoff. 

29. Verfahren nach Anspruch 28, wobei das Suspensionsmittel ein Mittel aufweist, ausgewahlt aus der Gruppe, be- 
stehend aus Gelatine, einem naturlichen Gummi und Cellulose. 

25 

30. Verfahren nach Anspruch 29, wobei das Suspensionsmittel ein Akaziengummi ist. 

31 . Verfahren nach Anspruch 28, wobei das Suspensionsmittel einen fein verteilten, wasserunloslichen anorganischen 
Feststoff aufweist, der zur Erhohung seiner Hydrophobizitat modifiziert wurde. 

so 

32. Verfahren nach Anspruch 28, wobei das Suspensionsmittel in dem wassrigen Suspensionsmedium in einer Kon- 
zentration von 0,1 bis 30 Gew.-% vorliegt. 

33. Verfahren nach einem der Anspruche 3-10, wobei die Suspension gebildet wird durch Zugabe einer Emulsion zu 

35 dem wassrigen Suspensionsmedium, wahrend eine ausreichende Scherbewegung ausgeubt wird, um eine stabile 

Suspension zu erzeugen. 

34. Verfahren nach einem der Anspruche 3-5 und 7, wobei der Stabilizator einen naturlichen Oder synthetischen po- 
lymeren Stabilisator umfasst. 

40 

35. Verfahren nach Anspruch 34, wobei der polymere Stabilisator ein Cellulosederivat umfasst. 

36. Verfahren nach Anspruch 34, wobei der polymere Stabilisator ein Mittel umfasst, ausgewahlt aus der Gruppe, 
bestehend aus Methylcellulose, Ethylcellulose und teilweise hydrolysiertem Poly(vinylalkohol). 

45 

37. Verfahren nach einem der Anspruche 3-5 und 7, wobei der polymere Stabilisator in der Olphase in einer Konzen- 
tration in dem Bereich von 0,01 bis 15 Gew.-% vorliegt. 

38. Verfahren nach einem der Anspruche 3-5 und 7, wobei der Stabilisator in einem inerten LosungsmltteJ gelost ist, 

so bevor er zu der Olphase gegeben wird. 

39. Verfahren nach Anspruch 38, wobei das inerte Losungsmittel aus der Gruppe ausgewahlt ist, bestehend aus Tri- 
chlorethan, Toluol und Chloroform. 

55 40. Verfahren nach einem der Anspruche 3-10, wobei die Emulsion 70% bis 98% wassrige diskontinuierlicher Phase 

umfasst. 

41. Verfahren nach Anspruch 40, wobei die Emulsion 75% bis 95% wassrige diskontinuierliche Phase umfasst. 
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42. Verfahren nach Anspruch 41 , wobei die Emulsion 80% bis 90% wfissrige diskontinuierliche Phase umfasst. . 

43. Verfahren nach-Anspruch l Orwobei die Olphase umfasst: - 

5 (a) Styrol als das Monomer; 

(b) Divinylbenzol als das Vernetzungsmittel; 

(c) Sorbitanmonooleat als den Emulgator; 

(d) Dodecan als den Porenbildner, 

(e) Azoisobisbutyronitril als den olloslicher Initiator; die wassrige diskontinuierliche Phase umfasst: 

io (f) Kaliumpersulfat; 

das wassrige Suspensionsmedium umfasst: 

(g) Kaliumpersulfat als den wasserloslichen Polymerisationsinitiator; und 
. (f) das Suspensionsmittel ein Mittel umfasst, ausgewihlt aus der Gruppe, bestehend aus Gelatine, elnem 
naturlichen Gummi und Cellulose. 

15 

44. Verfahren nach Anspruch 39, wobei die Clphase umfasst: 

(a) Styrol als das Monomer; 

(b) Divinylbenzol als das Vernetzungsmittel; 

20 (c) Lauroylperoxid als den olloslichen Initiator, 

(d) Trichlorethan als das inerte Losungsmittel; 

(e) Sorbitanmonooleat als den Emulgator; und 

(f) Ethylcellulose als den polymeren Stabilisator; und 

(g) die wassrige diskontinuierliche Phase einen Polymerisationsinitiator nicht enthaft; und 

25 (h) das Suspensionsmedium Akaziengummi umfasst und einen Polymerisationsinitiator nicht enth&lt. 

45. Verfahren nach Anspruch 3, weiterhin umfassend das Erwarmen der Mikrokugelchen in einer inerten Atmosphere 
auf eine Temperatur von mindestens 500°C, urn Kohlenstoff-haltige Mikrokugelchen zu erzeugen. 

30 46. Mikrokugelchen nach Anspruch 1, weiterhin umfassend eine an die Oberflache der Mikrokugelchen gebundene 

chemische Gruppe. 

47. Verwendung von Mikrokugelchen nach Anspruch 46 zurTrennung von Komponenten durch: 

35 (i) Passieren einer Losung mit mindestens zwei Komponenten durch die Mikrokugelchen von Anspruch 46, 

wobei eine der zwei Komponenten vorzugsweise mit der an die Oberflache der Mikrokugelchen gebundenen 
chemischen Gruppe wechselwirkt; und 
(ii) Trennen der zwei Komponenten voneinander. 

40 48. Verwendung von Mikrokugelchen gemalB Anspruch 46, umfassend Passieren einer Losung, die einen Reaktant 

enthSIt, durch die Mikrokugelchen von Anspruch 46, wobei die an die Oberflache der Mikrokugelchen gebundene 
chemische Gruppe mit dem Reaktant wechselwirkt. 

49. Verfahren nach Anspruch 3, weiterhin umfassend das Ablagem und Festhalten eines Gels Oder Pre-Gels in den 

45 Hohlraumen der Mikrokugelchen. 

50. Verwendung von Mikrokugelchen nach Anspruch 1 , umfassend 

(a) Inkontaktbringen der Mikrokugelchen von Anspruch 1 mit Zellen, und 
so (b) Bewegen der Mikrokugelchen. 

51 . Mikrokugelchen nach Anspruch 1 , wobei die Schuttdichte der Mikrokugelchen in dem Bereich von weniger als 0,2 
g/ml liegt. 

55 52. Mikrokugelchen nach Anspruch 1, wobei die Schuttdichte der Mikrokugelchen in dem Bereich von weniger als 

0,10 g/ml liegt. 

53. MikrokOgelchen nach Anspruch 1, wobei die Mikrokugelchen ein Hohlraumvolumen von mindestens 90% aufwei* 
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sen. 



Revendicatlons 

5 

1. Mlcrobilles poreuses k base de polymfere reticule ayant des cavites jointes par des pores d'interconnexion, dans 
lesquelles au moins certaines des cavites k I'interieur de chaque microbille communiquent avec la surface de la 
microbille, dans lesquelles les mlcrobilles ont un volume de vide d’au moins 70%, et dans lesquelles au moins 
10% des mlcrobilles sont des mlcrobilles sensiblement sph6riques ou des mlcrobilles sensiblement elllpsoidales, 

io ou une combinalson de telles mlcrobilles. 

2. Mlcrobilles selon la revendication 1 , dans lesquelles les mlcrobilles ont un diamfetre moyen dans la plage de 5 pm 
k 5 mm. 

is 3. Procede pour produire des mlcrobilles poreuses k base de polymfcre reticule, comprenant les etapes consistent k : 

(a) combiner 



20 



25 



30 



35 



(I) une phase d'huile continue comprenant 

(1) un monomere monofonctionnel, essentiellement Insoluble dans I'eau ; 

(2) un agent de reticulation polyfonctionnel, essentiellement insoluble dans I'eau ; et. 

(3) un emulsifiant qui est adapte pour former une emulsion eau-dans-huile stable ; et 

(jj) une phase discontinue aqueuse pour former une emulsion, ladite emulsion comprenant au moins 70% 
de phase discontinue aqueuse; 

(b) additionner I'emulsion k un milieu de suspension aqueux pour former une suspension huile-dans-eau de 
gouttelettes d'emulsion dispersee ; et 

(c) dans lequel (i) le milieu de suspension aqueux comprend un agent de suspension et un initiateur de poly- 
merisation hydrosolubie, ou dans lequel (ii) la phase huileuse comprend un initiateur de polymerisation lippso- 
luble et un stabilisant, le stabilisant etant un compose filmogene pour stabiliser I'interface entre la phase dis- 
continue aqueuse et le milieu de suspension aqueux, pour polym6riser les gouttelettes d'emulsion, pour pro- 
duire des microbilles potymeres reticulees poreuses ayant des cavites jointes par des pores d'interconnexion, 
dans lesquelles au moins certaines des cavites k I'interieurde chaque microbille communiquent avec la surface 
de la microbille, les microbilles ayant un volume vide d'au moins 70%, et au moins 10% des microbilles etant 
des microbilles sensiblement spheriques ou des microbilles sensiblement ellipsoldales, ou une combinaison 
de telles microbilles. 



40 4. Procede selon la revendication 3, dans lequel la suspension est agitee au cours de la polymerisation des goutte- 

lettes d'emulsion. 

5. Procede selon la revendication 3 ou 4, dans lequel la phase huileuse comprend k titre additionnel un agent poro- 
gene. 

45 

6. Procede selon la revendication 4 ou 5, dans lequel le milieu de suspension aqueux comprend un agent de sus- 
pension, et dans lequel le milieu de suspension aqueux comprend k titre additionnel un initiateur de polymerisation 
hydrosolubie pour polymeriser les gouttelettes d'emulsion. 



so 7 . Procede selon la revendication 4 ou 5, dans lequel la phase huileuse comprend un initiateur de polymerisation 
liposoluble et un stabilisant, le stabilisant etant un compose filmogene pour stabiliser I'interface entre la phase 
discontinue aqueuse et le milieu de suspension aqueux, pour polym6riser les gouttelettes d'emulsion. 



8 . Procede selon la revendication 6, comprenant un initiateur de polymerisation hydrosolubie dans le milieu de sus- 

55 pension aqueux. 

9. Procede selon la revendication 6 ou 8, comprenant un initiateur de polymerisation hydrosolubie dans la phase 
discontinue aqueuse. 
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10. Procede selon la revendication 6, 8 ou 9, comprenant un initiateur de polymerisation liposoluble dans la phase 
huileuse. 

11 . Proc6d6 selon I'une queiconque des revendications 3 610, dans lequel la phase huileuse comprend un monomfcre 

s 6 base de styr6ne. 

12. Procede selon I'une queiconque des revendications 3 6 10, dans lequel le monomfere est present dans la phase 
huileuse 6 une concentration dans la plage de 5 6 90 pour cent en poids. 

io 13. Procede selon I'une queiconque des revendications 3 6 10, dans lequel la phase huileuse comprend un melange 
de monomferes monofonctionnels. 

14. Procede selon I'une queiconque des revendications 3 610, dans lequel la phase huileuse comprend un agent de 
reticulation choisi dans le groupe consistent en un compose divinylbenzenique, un compose di- ou triacrylique, et 

15 un isocyariurate de triallyle. 

15. Proc6d6 selon I'une queiconque des revendications 3 610, dans lequel I'agent de reticulation est present dans la 
phase huileuse 6 une concentration dans la plage de 1 6 90 pour cent en poids. 

20 16. Procede selon la revendication 15, dans lequel I'agent de reticulation est present dans la phase huileuse 6 une 

concentration dans la plage de 15 6 50 pour cent en poids. 

17. Proc6d6 selon I’une queiconque des revendications 3 6 10, dans iequej la phase huileuse comprend un melange 
d'agents de reticulation polyfonctionnels. 

25 

18. Proc6d6 selon I'une queiconque des revendications 3 6 10, dans lequel I'emulsifiant comprend un agent choisi 
dans le groupe consistant en un ester d'acide gras sorbitan, un ester d ! acide gras polyglycerol, et un acide gras 
ou un ester de polyoxyethylene. 

so 19. Procede selon I'une queiconque des revendications 3 6 10, dans lequel I'emulsifiant est present dans la phase 
huileuse 6 une concentration dans la plage de 3 6 50 pour cent en poids. 

20. Proc6d6 selon I'une queiconque des revendications 3 6 6 et 8 6 10, dans lequel ('initiateur de polymerisation 
hydrosoluble est un initiateur peroxyde. 

35 

21. Procede selon I'une queiconque des revendications 3 6 6 et 8 6 10, dar\s lequel ('initiateur de polymerisation 
hydrosoluble est present 6 une concentration allant jusqu'6 5 pour cent en poids. 

22. Procede selon I'une queiconque des revendications 3 6 5, 7 et 10, dans lequel ('initiateur de polymerisation lipo- 

40 soluble est choisi dans le.groupe comprenanUin initiateur azo et un initiateur peroxyde. 

23. Procede selon la revendication 22, dans lequel I'initiateur liposoluble est choisi dans le groupe consistant en I'AIBN, 
le peroxyde de benzoyle, le peroxyde de lauroyle, et un initiateur VAZO. 

45 24. Procede selon I'une queiconque des revendications 3 6 5, 7 ou 10, dans lequel I’initiateur de polymerisation lipo- 

soluble est present dans la phase huileuse 6 une concentration allant jusqu’6 5 pour cent en poids du monom6re 
polymerisable total. 

25. Proc6d6 selon I'une queiconque des revendications 5 6 10, dans lequel I'agent porog6ne comprend un compose 

50 choisi dans le groupe consistant en le dodecane, le tolu6ne, le cyclohexanol, le n-heptane, f'isooctane, et I' ether 

de petrole. 

26. Procede selon I’une queiconque des revendications 5 610, dans lequel I'agent porogene est present dans la phase 
huileuse 6 une concentration dans la plage de 1 0 6 60 pour cent en poids. 

55 

27. Proc6d6 selon I'une queiconque des revendications 3 6 10, dans lequel la suspension huile-dans-eau comprend 
une quantite d’emulsion de phase interne 6lev6e adaptee pour produire une suspension stable. 
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28. Procede selon Tune quelconque des revendications 3 6 6 et 8 6 10, dans lequel I’agent de suspension comprend 
un agent choisi dans ie groupe consistent en un polymfcre hydrosoiuble et un soiide inorganique insoluble dans 
I’eau. 

s 29. Proc6d6 selon la revendication 28, dans lequel I'agent de suspension comprend un agent choisi dans le groupe 
consistent en la gelatine, une gomme naturelle, et la cellulose. 

30. Procede selon la revendication 29, dans lequel I’agent de suspension est une gomme d’acacia. 

io 31. Procede selon la revendication 28, dans lequel I'agent de suspension comprend un soiide inorganique insoluble 
dans I'eau, finement divise, qui a et6 modifie pour augmenter son hydrophobie. 

32. Procede selon la revendication 28, dans lequel I’agent de suspension est present dans le milieu.de suspension 
aqueux 6 une concentration de 0,1 a 30 pour cent en poids. 

15 

33. Procede selon I'une quelconque des revendications 3 6 10, dans lequel la suspension est form6e par addition de 
remulsion au milieu de suspension aqueux tout en fournissant une agitation sous cisaillement suffisante pour 
induire la formation d'une suspension stable. 

20 34. Procede selon Tune quelconque des revendications 3 6 5 et 7, dans lequel le stabllisant comprend un agent sta- 

bilisant polym6re, naturel ou synthetique. 

35. Proc6d6 selon la revendication 34, dans lequel I'agent stabilisant polym6re comprend un derive de cellulose. 

25 36. Procede selon la revendication 34, dans lequel I’agent stabilisant polymfcre comprend un agent choisi dans le 

groupe consistant en la methyl cellulose, rethyl cellulose, et un poly(alcool de vinyle) partiellement hydrolyse. 

37. Procede selon Tune quelconque des revendications 3 6 5 et 7, dans lequel I'agent stabilisant polymfcre est present 
dans la phase huileuse 6 une concentration dans la plage de 0,01 6 15 pour cent en poids. 

30 

38. Procede selon I’une quelconque des revendications 3 6 5 et 7, dans lequel I’agent stabilisant est dissous dans un 
■ solvent inerte avant d'etre ajoute 6 la phase huileuse. 

39. Procede selon la revendication 38, dans, lequel le solvant inerte est choisi dans le groupe comprenant le.trichlo- 

35 ro6thane, le toluene et le chloroforme. 

i> 

40. Procede selon I'une quelconque des revendications 3 6 10, dans lequel remulsion comprend 70 6 98% de phase 
discontinue aqueuse. 

40 - w 4i - Proc6d6 selon I a :reven dication 40, dans lequel l'6mulsion comprend 75 6 95% de phase discontinue aquouse. '*-* 

42. Proc6d6 selon la revendication 41, dans lequel I'emulsion comprend 80 6 90% de phase discontinue aqueuse. 

43. Proc6d6 selon ia revendication 10, dans lequel la phase huileuse comprend : 

45 

(a) du styrfcne comme monom6re ; 

(b) du divinylberizfene comme agent de r6ticulation ; 

(c) du monool6ate de sorbitan comme 6mulsifiant 

(d) du dod6cane comme agent porogfcne ; 

so (e) de I’azoisobisbutyronitrile comme initiateur liposoluble ; 

- |a phase aqueuse discontinue comprend : 

(f) du persulfate de potassium ; 

le milieu de suspension aqueux comprend : 

(g) du persulfate de potassium comme initiateur de polymerisation hydrosoiuble ; et 

55 (h) I’agent de suspension comprend un agent choisi dans le groupe consistant en la gelatine, une gomme 

naturelle, et la cellulose. 

44. Procede selon la revendication 39, dans lequel la phase huileuse comprend : 
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(a) du styrene comme monom£re ; 

(b) du divinylbenzfcne comme agent de reticulation ; 

(c) du peroxyde de lauroyle comme initiateur liposoluble ; 

(d) du trichloro6thane comme solvent inerte ; 

(e) du monooieate de sorbitan comme 6mulsifiant ; et 

(f) de I'ethyl cellulose comme stabilisant polymfcre ; et 

(g) la phase discontinue aqueuse ne contient pas d'initiateur de polymerisation ; et 

(h) le milieu de suspension comprend de la gomme d'acacia et ne contient pas d'initiateur de polymerisation. 

45. Procede selon la revendication 3, comprenant en outre une etape consistant 6 chauffer les microbilles sous une 
atmosphere inerte 6 une temperature d’au moins 500°C, pour produire des microbilles carbonif£res. 

46. Microbilles selon la revendication 1 , comprenant en outre un groupement chimique lie & la surface des microbilles. 

47. Utilisation de microbilles selon la revendication 46, pour separerdes composants, en mettant en oeuvre les etapes 
consistant & : 

(i) faire passer une solution ayant au moins deux composants £ travers des microbilles selon la revendication 

46, un desdits deux composants interagissant de preference avec le groupement chimique lie £ la surface 

des microbilles ; et 

(ii) s£parer les deux composants I’un de I'autre. 

48. Utilisation de microbilles selon la revendication 46, comprenant une etape consistant £ faire passer une solution 
comprenant un r£actif au travers des microbilles selon la revendication 46, ledit groupement chimique lie £ la 
surface des microbilles interagissant avec ledit r£actif. 

49. Procede selon la revendication 3, comprenant en outre une etape de d£p6t et de retenue d'un gel ou d’un pre-gel 
dans les cavites de microbille. 

50. Utilisation de microbilles selon la revendication 1 , comprenant 

(a) la mise en contact des microbilles selon la revendication 1 avec des cellules, et 

(b) I'agitation des microbilles. 

51. Microbilles selon la revendication 1, dans lesquelles la density de masse des microbilles est dans la plage de 
moins de 0,2 g/ml. 

52. Microbilles selon la revendication 1, dans lesquelles la density de masse des microbilles est dans la plage de 
moins de 0,10 g/ml. 

53. Microbilles selon la revendication 1, dans lesquelles les microbilles ont un volume de vide d'au moins 90%. 
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